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Abstract
This thesis focuses on the design of non-harmonic motion-powered wireless
sensing systems using piezoelectric energy harvesting.
Most of the published work on the topic of inertial energy harvesting
focussed on the analysis and design of the energy harvester modules only.
A limited amount of work has involved the implementation of energy har-
vesters into a wireless sensing system, which is an important application of
energy harvesters. This project presents an approach to simplify the design
of a wireless sensing system so that a single piezoelectric energy harvester
can be used as the power supply.
A piezoelectric device structure with impulse output was proposed and
an equivalent circuit model was built to simulate the performance. Both
a large-scale and a small-scale piezoelectric pulse generator were produced
for experimental demonstration, based on the proposed structure. A pas-
sive pre-biasing mechanism was introduced to improve the performance of
the pulse generator, and the improvement was demonstrated by comparing
the outputs of the prototypes in the pre-biased case to the outputs in the
unbiased case. The comparison results showed that the output energy was
increased by 38% for the large-scale prototype and 76% for the small-scale
prototype.
Load transmission circuits, suitable for the piezoelectric pulse generator,
were discussed and simulated, and an impulse-powered transmitter circuit
based on the Colpitts oscillator was built, which could encode the signal
from a sensor by frequency modulation.
By combining the piezoelectric pulse generator module and the impulse-
powered transmitter module together, a fully functional piezoelectric system
was achieved, for the first time, allowing instantaneous wireless monitoring
of signals from a passive sensor using frequency modulation.
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T Temperature [K] or [◦C]
TEH Duty Cycle of an Energy Harvester [s]
Tij Stress Component [Pa]
T1 MOSFET [-]
T ′1 MOSFET [-]
T p1 Stress of a Piezoelectric Layer [Pa]
T s1 Stress of a Substructure Layer [Pa]
∆T Temperature Difference [K] or [◦C]
V Voltage [V]
V (t) Voltage of an Electric Field [V]
VDS Drain-to-Source Voltage of a MOSFET [V]
Vdd DC Voltage Source [V]
VGS Gate-to-Source Voltage of a MOSFET [V]
Vi Input Voltage [V]
V ′i Input Voltage [V]
Vin Input Voltage [V]
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Vo Open Circuit Voltage or Output Voltage [V]
Vout Output Voltage [V]
Vpiezo Voltage on a Piezoelectric Beam [V]
Vpzt Voltage on a Piezoelectric Beam [V]
VS Sensor Voltage [V]
VSW Switch Control Signal [V]
Vsingle(t) Voltage across a Single Piezoelectric Layer [V]
Vth Threshold Voltage of a Diode or a Transistor [V]
XFM Transformer in the Piezoelectric Equivalent [-]
Circuit
Yo Vibration Amplitude of Host [m]
Ys Young’s Modulus [Pa]
Y I Bending Stiffness [N·m2]
Zl Maximum Travel Range of the Proof [m]
Mass Relative to the Host
ZT Figure-of-Merit [-]
Latin Lower Case Letters
ca Air Damping Coefficient [N·s/m2]
cEijkl Elastic Constant at Constant Electric Field [Pa]
csI Strain Rate Damping Coefficient [N·m2·s]
cE11 Piezoelectric Elastic Modulus at [Pa]
Constant Electric Field
d Diameter of a Wire [m]
dLoop Diameter of a Loop Antenna [m]
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d31 Piezoelectric Constant [C/N]
eikl Piezoelectric Constant [C/m
2]
ekij Piezoelectric Constant [C/m
2]
e31 Piezoelectric Constant [C/m
2]
fr(t) Modal Force of the r
th Vibration mode [-]
gm Transconductance of a MOSFET [S]
l Length of a Piezoelectric Beam [m]
lfree Free Length of the Piezoelectric Beam [m]
lloop Perimeter of a Loop [m]
lwire Perimeter of a wire [m]
m Mass of the Proof Mass [kg]
n Unit Normal Vector Outwards [-]
q Electric Charge [C]
sE11 Elastic Compliance Constant at Constant [m
2/N]
Electric Field
tp Thickness of a Piezoelectric Layer [m]
tpc Distance between the Neutral Axis and the [m]
Center of a Piezoelectric Layer
ts Thickness of a Substructure Layer [m]
v(x, t) Replacement of vrel(x, t) for Simplicity [m]
vb(x, t) Transverse Displacement of a Base [m]
vrel(x, t) Displacement of a Beam Relative to its Base [m]
w Width of a Piezoelectric Beam [m]
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Acronyms
AC Alternating Current
AM Amplitude Modulation
BJT Bipolar Junction Transistor
BNC Bayonet NeillConcelman (Connector)
BSN Body Sensor Network
DC Direct Current
FEA Finite Element Analysis
FEM Finite Element Method
FFT Fast Fourier Transform
FM Frequency Modulation
IoT Internet of Thing
KCL Kirchhoff’s Current Law
KVL Kirchhoff’s Voltage Law
MEMS Microelectromechanical System
MOSFET MetalOxideSemiconductor Field-Effect Transistor
N-MOSFET N-Type MetalOxideSemiconductor Field-Effect Transistor
PV Photovoltaics
PZT Lead Zirconate Titanate
RF Radio Frequency
SMA SubMiniature Version A (Connector)
TEG Thermoelectric Generator
WSN Wireless Sensor Network
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1 Introduction
This chapter aims to make a brief overview on technologies related to energy
harvesting including the current trend of internet of things and wireless sen-
sor networks. In addition, the development of energy harvesting is described
briefly, as well as the advantage and potential benefits by implementing en-
ergy harvesting to wireless sensing and body sensing. Research objectives
and the structure of the thesis are also outlined in the chapter.
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1.1 The Era of Internet of Things and Wireless
Sensing
The internet of things (IoT), as one of the most hyped technologies in recent
years, has drawn great interest in both academia and industries [1, 2].
In the IoT world, individuals are connected to this ”smart” ecosystem by
”smart” things, which could be a laptop, a mobile phone, or a wireless sen-
sor. With a wide range of modern technologies involved, including sensors
and actuators, microsystems, wireless communications, big data and more,
the IoT plays an essential role to define and transform the way people live
and work, bringing extraordinary benefits to industries and daily life [2, 3].
Table 1.1 illustrates the potential economic impact of the IoT across dif-
ferent sectors in 2025. The evaluated results show a total impact of US$3.9
trillion to 11.1 trillion per year by 2025, indicating its prominent potential
for a wide range of applications in the modern society.
Table 1.1: Cross-sector view of potential economic impact from IoT in 2025
(data from [4])
Setting Detailed sectors Impact per year
Home Chore automation US$200B− 350B
and security
Offices Energy and security US$70B− 150B
Retail environments Auto-checkout US$410B− 1.2T
Vehicles Auto-vehicles and US$210B− 740B
condition-based maintenance
Worksites Operation health and safety US$160B− 930B
Human Health and fitness US$170B− 1.6T
Outside Logistics and navigation US$560B− 850B
Cities Public hearth US$930B− 1.7T
and transportation
Factories Operations and US$1.2T− 3.7T
equipment optimization
Total impact US$3.9T− 11.1T
One significant enabler of the IoT is the wireless sensor networks (WSN).
With large groups of sensor nodes added to one or multiple hosts, the WSNs
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build a flexible infrastructure for the IoT to realize condition monitoring and
assessment in real-time, especially for hosts and places with difficulty to ac-
cess by people, wired meters or large-scale equipments. Numerous examples
can be found from various domains in modern life: tyres with wireless sen-
sors embedded can simplify their pressure monitoring when the vehicle is
running [5], leakage in a water distribution system can be predicted in time
using WSNs [6], on-farm wireless sensors provide remote control of key farm-
ing operations, as well as monitor the farming conditions remotely [7]. With
continuous miniaturization and cost reduction of electronic components and
a rapid growth of wireless sensing technology, IoT and WSNs are expected
to bring even more benefits in the near future.
1.2 Energy Harvesting for Wireless and Body
Sensing
As has been mentioned, flexibility is one important feature of wireless sens-
ing technology in terms of the implementation quantity and application
area. However, this also means that when wireless sensors are concerned,
wired power supplies are, in many cases, unavailable or hard to deploy, and
therefore wireless power supplies are an essential option in this situation.
Batteries have been the primary enabler of wireless power supplies for nearly
one and a half centuries, but they expose drawbacks of frequent maintenance
for replacement or recharging [8]. Furthermore, for many miniature devices
such as a wireless sensor node, the size of a battery is often a dominant
limitation. As an alternative, energy harvesting is regarded as a promising
approach to enable wireless power supplies.
Energy harvesting (also known as energy scavenging) is the technology
by which electrical energy can be generated from ambient energy sources
in other forms, such as light/solar energy, thermal energy, kinetic energy,
etc. Large-scale energy harvesting from ambient sources has been widely
available in electricity production for the past decades, taking the share up
to 20% of the global energy output, including energy produced from wind,
solar tide, hydro-power, and geothermal power [9].
In comparison, small-scale energy harvesting, which tends to focus on so-
lutions to wireless power supplies, remains in a relatively early stage towards
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wide applications, but has drawn increasing research interest to replace bat-
teries or extend the lifetime of devices [8, 10,11].
As a particular application of wireless sensing technology, body sensor
networks (BSN) concentrate on human body monitoring and healthcare
with wireless sensors attached to or implanted in human bodies as shown
in Figure 1.1. The maintenance of power supplies can be an even more
significant concern in body sensor networks, since they are inaccessible or
difficult to replace without surgeries, especially for implantable applications
[12].
Figure 1.1: Diagrammatic representation of BSN architecture [12].
One key concern of energy harvesting technology is to choose the sources
achievable in various cases, and the major ambient sources include light,
temperature gradients, radio frequency (RF) and vibration, and in terms
of human bodies, body heat (thermal energy) and body motion (vibration)
are the most likely candidates [12].
The total heat power released from a human body is ∼100 W at a natural
walking speed [13], which indicates a considerable amount of energy can be
captured in theory. However, practical applications to body sensor networks
26
generally show a relatively low power density (∼10 µW/cm2 with ∆T ≈
10 K) [12–16].
Compared to body heat, energy harvesting from body motion is a more
promising and flexible approach, and various motion-based energy har-
vesters have been designed by many research groups. One category of this
type of device is based on motion strikes. These devices are generally in-
stalled in shoes and can harvest energy from foot steps when the user is
walking or running [17–19]. The other category harvests inertial energy
from absolute motion of which the device is attached to. These inertial
energy harvesters show prominent performance on human bodies due to
the high flexibility considering their dimensions and a wide option of host
locations [12], and will be the concentrated area of this thesis.
1.3 Research Objectives
Most of the current work about inertial energy harvesting is focusing on
design and optimization of the energy harvester modules only. A limited
amount of work provides a comprehensive description on implementation of
the energy harvesters in a realistic sensing system. This thesis demonstrates
a new concept of simplified wireless sensing platform based on piezoelectric
transduction and aims at designing a self-powered wireless device at sys-
tem level, which can achieve real-time monitoring depending on the sensor
plugged to the system.
The core objectives are summarised as follows:
• Explore a potential approach to harvest piezoelectric energy as an
instantaneous power supply for electronic devices.
• Build valid models to demonstrate and evaluate the performance of
the energy harvester.
• Analyse the behaviour of the piezoelectric beam when it is operating
and improve the output power in each working cycle.
• Design load circuits for the energy harvester to build a wireless sensing
system that can be powered by non-harmonic motion such as body
motion.
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1.4 Thesis Structure
This thesis describes the related work that is aimed at building a non-
harmonic motion-powered piezoelectric wireless sensing platform and is di-
vided into 7 chapters.
• Chapter 1 briefly introduces the overview on energy harvesting and
the motivation of the project about self-powered wireless sensing plat-
forms.
• Chapter 2 provides a detailed literature review on energy harvesters.
Designs depending on different energy sources are introduced and dis-
cussed including the fundamental operating theory and the perfor-
mance. Inertial energy harvester will be a focus and different trans-
ducers will be introduced and compared.
• Chapter 3 introduces energy harvesting based on piezoelectric trans-
duction. Theoretical models are built using Simulink, finite element
analysis (FEA) software and equivalent circuits. In addition, experi-
mental measurements are conducted to evaluate the simulated models.
• Chapter 4 presents the function of the piezoelectric pulse generator
both by simulation and experimental prototypes. A passive pre-biased
mode of the pulse generator is introduced to improve the output
power, and comparison between the unbiased mode and the pre-biased
mode is made both theoretically and experimentally.
• Chapter 5 presents the design of the load circuits suitable for the piezo-
electric pulse generator. Both amplitude modulation circuits and fre-
quency modulation circuits are simulated and discussed, and a circuit
based on Colpitts Oscillators is prototyped to test the performance.
• Chapter 6 combines the design in Chapters 4 and 5 to build the pro-
posed wireless sensing platform. The sensing performance of the de-
vice is tested with both a DC voltage supply as a dummy sensor and
a thermoelectric generator. The experimental results demonstrate the
successful transmission of the sensing signal.
• Chapter 7 summarises the work in this thesis and future work about
this project is suggested.
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2 Literature review
This chapter presents the literature review related to energy harvesting.
The review will include five sections: overview of energy harvesting, energy
sources, machine and human motion energy harvesting, and self-powered
wireless sensor nodes.
An overview is given upon energy harvesting, illustrating the basic archi-
tecture of an energy harvesting system.
The energy sources section introduces the major energy sources available
for energy harvesting. The basic mechanisms and some state-of-the-art
applications are included. As the project concentrates on harvesting en-
ergy from motions, machine and human motion energy harvesting will be
discussed in detail. Furthermore, different transducers for motion-driven
energy harvesting are introduced as well as the related research work for
each transduction type.
In addition to energy harvesting, wireless sensor nodes will be introduced
in this chapter. Traditional architecture is presented as well as the recent
achievement in our group: a novel self-powered architecture which dramat-
ically simplifies the construction of a wireless sensor node. This design also
reflects the basic concept of the author’s project.
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2.1 Overview of Energy Harvesting Systems
As has been introduced already, energy harvesting technology is the ap-
proach by which electricity is produced from ambient energy in another
form. A generic system can be described as the one in Figure 2.1.
Ambient
Source
Interface
Management
Circuit
Energy
Storage
Direct
Power Supply
Energy
Harvester
Energy
Capture
Energy
Transduction
Management
& Usage
Figure 2.1: Generic architecture of an energy harvesting system.
This block diagram describes the general process of energy harvesting.
The first stage of the system is the energy capture stage. In this stage,
initial energy from ambient sources are captured and delivered to the energy
harvester through the transmission interface.
The energy transduction stage is the main stage for energy harvesting.
The energy harvesters can then convert the captured energy to electrical
energy via corresponding transduction.
The principle of the transmission interface and the transduction are de-
pendent on the type of the initial energy and the ambient surroundings. For
example, thermal energy from the temperature gradient can be transferred
through thermal contacts, and the transduction principle is based on the
Seebeck effect. Details of different harvesting principles will be introduced
in the next section in terms of the energy sources.
Before the electrical energy is available for further use, it is often nec-
essary to design a suitable interface circuit between the energy harvester
and the load element so that electrical energy can be regulated to meet the
requirement of the loads. This could involve the design of rectifiers, regu-
lators, micro-controllers and more. For applications, the harvested energy
can be either used to charge a storage element, such as a battery/a super-
capacitor, or applied as a direct power supply to a load device, such as a
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sensor node.
2.2 Energy Sources
Energy sources are the starting point for energy harvesting. In this section,
popular energy sources with high research interests are introduced in detail.
2.2.1 Light
Energy harvesting from ambient light is the approach to convert phontonic
energy to direct current electrical power by photovoltaics (PV). PV is the
technology based on the photovoltaic effect, which is the phenomenon that
semiconductors can generate electrical power when they are illuminated by
light (photons) [20,21].
Harvesting energy from ambient light is a relatively mature method com-
pared to others [8]. The essential source for energy harvesting of this kind
is the solar energy and the basic module is a solar cell.
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Figure 2.2: Schematic of a simple solar cell [20].
As shown in Figure 2.2, a generic solar cell is composed of a PN junction,
an antireflective layer, and metal contacts as electrodes. When sunlight is
shined on the top layer, the photon can travel to the PN junction, and if
the photons are able to excite free electrons and create electron-hole pairs,
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electrical power can be generated from the solar cell.
Recent work in light/solar energy harvesting shows that the practical
power efficiency of solar cells is approximately 10% [22–24], and some re-
search work has reported higher efficiencies, such as the one from Repins
et al. [25]. With a practical efficiency of ∼10%, the solar cell can achieve
a power density of more than 10 mW/cm2 outdoors under direct sunlight,
but the output power could be as low as ∼10 µW/cm2 when it is cloudy
outdoors or the device is located indoors [26], which exposes the disadvan-
tage of the light/solar energy harvesting. In spite of this, light/solar energy
harvesting is a viable option in many applications when sunlight is suffi-
cient, but has limited performance for body sensing applications especially
for implanted devices.
2.2.2 Thermal Energy
Thermal energy harvesters, usually called thermoelectric generators (TEG),
converts thermal energy from the temperature gradient to electrical power
based on the Seebeck effect that can be observed in metals and semicon-
ductors [27,28].
Thermal Contact
Thermal Contact
Metal Contact
Metal Contact
N-type
P-type
Figure 2.3: Cutaway structure of a TEG module.
Figure 2.3 present a single module of a generic TEG. This multilayer
structure includes thermal contact layers for heat input and output, metal
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layers as the electrodes and electrical connection, and a thermoelectric layer
(PN junction) as the core layer for electricity generation. When temperature
difference occurs across the TEG, open circuit voltage can be measured
across the PN junction, and a practical TEG is quite often multiple modules
connected electrically in series and thermally in parallel to meet different
applications requirements.
In terms of the device performance, the efficiency of the TEG is, in theory,
evaluated by the material’s dimensionless figure-of-merit, ZT :
ZT =
α2σ
λ
T (2.1)
where α is the Seebeck coefficient, σ and λ are the electrical and thermal
conductivity respectively, and T is the absolute temperature [28]. There
is no theoretical limit of ZT , and ideally a higher value means a better
performance of the device. However, the typical range for commonly used
materials is from 1 to 2 [29–32].
Exhaust heat recovery is one important industrial application that can be
enabled by TEGs [33], and much recent work has been done in this area [34–
36]. Furthermore, exploring new approaches to enhance the performance of
TEGs is of considerable interest. For instance, Xu et al. present TEGs
using silicon or silicon germanium nanowire arrays, which can enhance the
output performance [37,38]. Other examples related to power optimizations
can be found in [39], [40] and [41].
For body sensing applications, thermal energy harvesting from body heat
is possible. Lots of work has been done by Leonov et al. [42–44]. Besides, a
few other groups also present devices for body heat energy harvesting, most
of which focuses on wearable materials [16, 45]. However, as has been dis-
cussed in Chapter 1, body heat energy harvesters suffer from limited power
densities especially for small-scale thermoelectric generators, due to small
temperature differences over the miniature size scale for current harvesting
technology [8, 12].
2.2.3 Radio Frequency
The basic idea of radio frequency (RF) energy harvesting is to collect the
ambient RF power with an antenna system. The premise of RF energy
harvesting is to investigate efficient RF energy sources in environments, and
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the most interesting sources are from broadcasting stations like GSM900,
GSM1800, TV, WiFi, etc. [46–48]. Comprehensive work has been done
by Mitcheson et al., including a survey of power levels for suitable channels
around London, scalable rectennas for ambient radiation regarding different
bands [48–50]. Efforts have also been made to enable RF energy harvesting
in some areas with low power levels (−25 dBm) [51].
Similar to RF energy harvesting, RF power delivery with dedicated sources
has been commercially available recently, especially for wireless charging of
portable devices like mobile phones and wristbands [52]. This can be a
more viable implementations for wireless sensing and body sensing, but will
involve more efforts to design suitable sources apart from the receiving (har-
vesting) modules. In addition, health issues are a major concern when RF
power delivery is considered in medical applications [47].
2.2.4 Kinetic Energy
Motion/vibration energy harvesting aims at producing electricity out of
kinetic energy, which is, in general, the most universal energy source avail-
able [8, 53].
Figure 2.4: Coin-sized airflow harvester by Holmes et al. [54].
Wind and water energy harvesting are popular branches to harvest kinetic
energy from air flow and water tide, and have been widely used for large-
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scale electricity production [9]. For wireless sensor networks, small-scale
energy harvesters for air flow have also been investigated for years, and have
been demonstrated as a promising approach especially for vehicles and air
ducts. Holmes et al. present a MEMS-based electromagnetic generator with
small turbine installed [54]. The size of the device is around the same size of
a 10 pence coin as shown in Figure 2.4. Zhu et al. achieved miniature wind
energy harvesters for wireless sensing applied to buildings and a thorough
analysis was made in this area [55–57].
Apart from wind and water energy, energy from motions/vibrations of
hosts like machines or humans has received more research interest in WSN
applications and more importantly in BSN applications for human motions
[8,10], and a wide range of work has been presented in this field [58–62]. In
the following section, a more detailed review will be given regarding machine
and human motion energy harvesting.
2.3 Machine and Human Motion Energy
Harvesting
Motion-driven energy harvesting has been considered as a promising wireless
power supply for mobile devices including WSNs and BSNs, and has been
discussed thoroughly by many research groups from various aspects [8, 10,
11,26,63].
A general review of vibration-based energy harvesters for mobile appli-
cations is presented by Paradiso [11]. Beeby et al. give a good review on
available sources for vibration energy harvesters [10]. Roundy et al. intro-
duce different supply options and discuss in detail the key factors in terms
of output performance [26]. A comprehensive discussion in this field can
be found by Mitcheson et al., including the general principle, theoretical
power limits and various applications [8]. A thorough review focused on
piezo-based harvesters from vibrations is presented by Sodano et al. [63].
2.3.1 Categories of Motion-Driven Microgenerators
As has been mentioned briefly in Chapter 1, motion-driven microgenerators
can be divided into two categories: direct-force energy harvesters and iner-
tial energy harvesters [8,12]. Energy harvesters of the former type generate
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electricity with force applied directly to the devices. This requires relative
motion between two structures, to both of which the generators must make
mechanical contact. In this case, the direct-force energy harvesters can be
applied to a limited number of application scenarios and are often large in
dimension. One representative example of this type is the shoe-mounted
PZT harvester as shown in Figure 2.5, which generates electrical energy
directly from foot strikes.
Figure 2.5: Schematic of shoe-mounted energy harvester [19].
In comparison to direct-force energy harvesters, inertial energy harvesters
have much more flexibility in terms of both the device size and the mounting
location [8], since the inertial devices only require the absolute motion of a
single host structure. The next subsection will concentrate on inertial energy
harvesters. Descriptions will be given regarding the theoretical principle and
the evaluation of the performance, based on [8] and [64].
2.3.2 Principle and Performance Limits of Inertial Energy
Harvesters
The working principle of an inertial energy harvester can be illustrated by
the generic structure shown in Figure 2.6. The device can be considered
as a spring-mass-damper structure with a frame attached to a host. As
shown in the figure, the proof mass is supported on a sprung suspension and
is connected to a damper, which is implemented by an electromechanical
transducer in energy harvesting.
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When the host is accelerating with an absolute displacement of y(t), a
relative displacement between the host (the device frame) and the proof
mass can occur as indicated by z(t) with a maximum travel range of ±Zl
whose value depends on the device size. If the damper is in the form of a
suitable electromechanical transducer, electricity can be generated through
the work done against the damping force which is opposed to z(t).
Device frame
Spring
Proof mass
Damper
k
m
f(z)
z(t)
x(t)y(t)
2Zl
Figure 2.6: Schematic of inertial energy harvester (reproduced based on [8]).
The performance limits of an energy harvester can be evaluated regarding
the generic structure described above. The theoretic power limit is given
by Mitcheson et al. with harmonic source (host) vibration:
Pmax =
2
pi
ZlYoω
3m (2.2)
where Yo and ω are the amplitude and frequency of the source. It is worth
pointing out that the acceleration of the motion source in this case is as-
sumed to be constant at its upper limit, which is not a realistic case. How-
ever, equation 2.2 provides a general performance limit for inertial energy
harvesters regardless of the architecture, the working mode and the trans-
duction, and it indeed shows that the upper limit of the output power is
dependent on the mass and the travel range of the proof mass, as well as
the amplitude and the frequency of the source.
A more practical analysis is then provided considering y(t) = Yocosωt
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and the optimum output power at resonance can be expressed as:
Pres =
1
2
ZlYoω
3m (2.3)
which is reduced by a factor of pi4 compared to equation 2.2.
For BSN applications in particular, body motions, in most cases, fall
into the category of motions with large amplitudes and at randomly low-
frequencies.
2.3.3 Rotational Energy Harvesters
The generic model shown in Figure 2.6 is implemented by using a linear
proof mass, i.e. the proof mass travels back and forth in a single dimen-
sion. However, this one dimensional feature is not suitable when the travel
directions of the motion source are more complicated in 2 or 3 dimensions
with random motion paths. By contrast, rotational energy harvesters can
provide more flexibilities in this case as they can be excited by both linear
and rotational motions. In addition, a rotational proof mass can be excited
by continuous rotatory motions whereas the linear proof mass cannot work
at all.
Figure 2.7: A piezoelectric energy harvester with rotating proof mass (from
[65]).
Relatively less work is done for the rotational energy harvester compared
to the linear one. Some early products can be found in watches, for example
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the motion-powered watch by Seiko corp. [11, 66]. Figure 2.7 illustrates a
very recent device reported by Pillatsch et al. [65]. This energy harvester
can be excited by non-harmonic body motions and the power density is
reported at 23.2 µW/cm3 at 2 Hz frequency and 20 m/s2 acceleration.
A theoretic analysis is given by Yeatman, in terms of the rotational struc-
ture for inertial energy harvesting [66]. Comparisons between linear and
rotational structures were made in various cases. Similar power levels were
achieved for rotational and linear energy harvesters excited by linear motion
source, indicating that design options between these two structures should
be made based on the particular application case.
2.4 Transduction for Motion-Driven Energy
Harvesting
As introduced earlier, energy conversion is implemented by various trans-
ducers in energy harvesting depending on the energy sources. For motion-
driven energy harvesters, three available transducers can be used and each of
them has received sufficient attention: electromagnetic transduction, elec-
trostatic transduction and piezoelectric transduction. A comparison among
these transduction methods was made by Roundy et al. and is listed in
Table 2.1.
Table 2.1: Energy density of the 3 transduction for motion-driven energy
harvesting (data from [26])
Type Practical maximum Aggressive maximum
(mJ/cm3) (mJ/cm3)
Electromagnetic 24.8 400
Electrostatic 4 44
Piezoelectric 35.4 335
As shown in the table, the maximum energy density varies from different
transducers, and the table provides a general concept of the performance
for each transduction method. However, evaluation of an energy harvester
should consider more factors including the structure of the energy harvester
itself and the circuit connected to it.
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2.4.1 Electromagnetic Transduction
Conventional electricity production from motions is mainly based on elec-
tromagnetic transduction, especially for macro-scale applications. Faraday’s
law of induction describes the fundamental principle of this approach. The
main components to enable the approach are coils and permanent mag-
nets arranged properly. Electricity can be generated by the electromagnetic
coupling from the relative velocity between them.
For small-scale applications especially for MEMS-scale, the key issue to
implement electromagnetic transduction, as discussed in [8], is that fast flux
change is hard to achieve in small-scale devices or at low frequencies which
will result in a limited electromagnetic coupling and therefore a low output
power. In addition, the number of coil turns achievable is limited by the
device size and will lead to a limited output voltage. In this case, even if
sufficient energy is generated, it will encounter difficulties for the load device
to extract the energy out of the harvesting device, especially when the load
impedance is high, and this will also result in a low output power.
Figure 2.8: Two versions of rolling magnet generators: (a) equator-wrapped
harvester; (b) offset-wrapped harvester (from [67]).
In recent years, some centimeter-scale applications have been designed
to improve the performance with different approaches. A frequency up-
conversion electromagnetic generator is reported by Zorlu et al. by using
a cantilevered structure [68]. Figure 2.8 illustrates two versions of an elec-
tromagnetic generator designed by Bowers et al. [67]. This design uses a
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free magnet ball contained in a spherical cage. The prototypes can be ex-
cited by non-harmonic human motions and are a universal design suited
for multiple mounting locations. The the highest power density of the two
prototypes were both measured when the device was put in the pocket of a
person who was running, and the maximum values are >500 µw/cm3 for the
offset-wrapped version and >100 µw/cm3 for the equator-wrapped version.
2.4.2 Electrostatic Transduction
Electrostatic energy harvesting is implemented by varying the capacitance
of a capacitive structure and the variable capacitance can be achieved by
varying the gap/overlap between movable electrodes. The basic principle
can be explained by the quantitative expression of the capacitance:
C =
q
V
(2.4)
where C is the capacitance of a capacitor, q is the charge stored on it and
V is the voltage across it.
Based on equation 2.4, two operating modes can be developed: constant
charge mode and constant voltage mode [8]. Devices of the former mode
work as an voltage amplifier: when fixed charge is stored in the capacitor,
the voltage across it can be increased by decreasing the capacitance and
therefore the stored energy is increased. For the constant voltage mode,
the energy harvester works as a charger: when the pre-charged capacitor is
connected with a load storage and their voltage potential is identical, the
charge on the capacitor can be pushed to the load storage by decreasing the
capacitance with a constant voltage. As can be noticed, the major issue of
this transduction is that a priming voltage is required and therefore design
of a pre-charge system is needed in many cases.
Electrostatic energy harvesters have been widely reported in different
types over the past few years and electrets, a type of materials with perma-
nent charge, have been used to avoid the pre-charge issue.
A prototype reported by Miao et al. is shown in Figure 2.9. As shown in
the figure, the device uses an internal moving plate as the movable electrode
to change the capacitance. The charging contact is arranged on the same
side of the stationary plate and the discharge contact is on the top side.
In this case, the capacitance of the device reaches its maximum value when
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the moving plate is charged, whereas the capacitance achieves the minimum
value when the moving plate is discharged so that the voltage is amplified.
Further work based on this prototype has been done and a self-powered
WSN node was developed by He et al. [69], which will be studied in detail
in the next section.
Figure 2.9: A MEMS inertial generator using electrostatic transduction: (a)
exploded view; (b) photograph (from [70]).
Excellent work for electret energy harvesters has been done by Suzuki et
al. including theoretic modelling, prototype production and interface circuit
testing. Details related to this work can be found in [71], [58] and [72].
2.4.3 Piezoelectric Transduction
Piezoelectric transduction is the only material-based transduction among
the three candidates for motion-driven energy harvesting. The piezoelectric
effect is the phenomenon occurs in ceramics and crystals of certain classes
and can be described as follows: when a mechanical strain is applied to a
piezoelectric material, electrical polarization occurs with its value propor-
tional to the train, and vice versa [73]. For quantitative statements, the
effect can be expressed as [73,74]:
Tij = c
E
ijklSkl − ekijEk
Di = eiklSkl + 
S
ikEk (2.5)
where Tij is the stress component, Skl is the strain component, Di is the
electric displacement, Ek is the electric field, c
E
ijkl is the is the elastic con-
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stant (at constant electric field), Sik is the permittivity constant (at con-
stant strain), and ekij (eikl) is the piezoelectric constant. Equations 2.5 are
the linear constitutive equations for the unbounded piezoelectric continuum
showing the electromechanical coupling properties of piezoelectric materi-
als. In addition to the unbounded form, three approximation forms are also
widely used in certain limiting conditions and details can be found in [73].
A commonly used structure for piezoelectric energy harvesting is the can-
tilevered beam. Figure 2.10 presents a typical structure of a piezoelectric
beam with a proof mass at its free end. This triple-layer beam consists of
two piezoelectric layers at the top and the bottom, and the middle layer is
the substructure (normally electrically conductive).
Free endFixed end
Figure 2.10: A piezoelectric bimorph cantilever.
When the cantilevered beam is deflected or starts vibrating by certain
actuation approaches like tip force applied to the free end or base excitation
from the fixed end, open circuit voltage can be measured across the surface
of the beam and current can be generated if a load is connected to it.
Many research work has focused on piezoelectric energy harvesters based
on cantilevered beams. Figure 2.11 shows the linear version of the rotational
piezoelectric energy harvester in Figure 2.7, which can be excited by motions
at random low frequencies. Both Erturk et al. and Roundy et al. provide
comprehensive analyses in this field [73,76]. The former authors start from
the clamped-free beam model based on Euler-Bernoulli assumptions whilst
the latter authors analyse the performance by equivalent circuit analogy. In
addition, Erturk et al. also report a piezoelectric energy harvester with a
broadband excitation response using bistable Duffing oscillators [77]. Simi-
lar work is reported by Sebald et al. [78] and Zhou et al. [79] as well.
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Figure 2.11: A non-harmonic rolling rod piezoelectric energy harvester
(from [75]).
As mentioned previously, piezoelectric transduction is a material-based
transduction. This feature provides much more flexibilities for piezoelec-
tric applications, allowing various types of piezoelectric energy harvesters
to be designed. One interesting application is the woven piezoelectric energy
harvester designed by Song et al. [80]. This design demonstrates the possi-
bility to implement piezoelectric energy harvesters to wearable applications
in large areas using textile techniques. Gusarov et al. present a thermal
energy harvester using piezoelectric transduction [81]. Although this proto-
type falls outside the field of motion-driven energy harvesting, it proves the
concept to implement hybrid techniques in piezoelectric applications. Apart
from energy harvester designs, circuit design to improve the performance is
also involved in this field. Dicken et al. applied an active pre-bias technique
to the piezoelectric beam and the reported power enhancement can be >10
times compared to the unbiased performance [82].
2.5 Self-Powered Wireless Sensor Node
Conventionally, power supplies and circuits including micro-controllers and
voltage regulators are required by wireless sensor nodes and body sensor
nodes.
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Sensor ADC Transmitter
Power Supply
Control
Figure 2.12: Basic architecture of a wireless sensor node (reproduced based
on [8]).
Figure 2.12 shows the architecture of a basic wireless sensor node. Al-
though the architecture may vary in different designs, this figure gives the
concept that traditional wireless sensor nodes need controlling, power sup-
ply and data regulations.
A considerable amount of work has been focused on the design of self-
powered wireless sensor nodes to ease the maintenance burden and improve
the lifetime of the power supply, such as [83], [84] and [85]. However, com-
plicated system modules for conditioning and data processing are still in-
volved, which should also be considered to simplify. He et al. designed a
self-powered wireless sensor system using electrostatic energy harvesting as
shown in Figure 2.13 [69,86].
The architecture of this wireless sensor node is illustrated in Figure 2.14.
As shown in the figure, the starting pointing of the sensor node is the sensor
module, which is a passive sensor with voltage output. The energy harvest-
ing module is a rolling rod constant charge electrostatic energy harvester,
whose priming voltage is the output signal of the sensor. In this case, the
main function of the device is to amplify the output signal of the sensor
by harvesting energy from the ambient motions and transmit the amplified
signal through an antenna which is the transmitter module. In this de-
sign, no external power supply is required, and neither are controlling and
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Figure 2.13: A self-powered wireless sensor node by He et al. (from [86]).
data regulation modules involved, which dramatically simplifies the design
structure.
Sensor EnergyHarvester Transmitter
Figure 2.14: Architecture of a self-powered wireless sensor node by He et al.
(reproduced based on [69]).
The key drawback of this prototype comes from the electrostatic trans-
duction, since limited energy can be harvested due to the low variable capac-
itance achievable. Based on the same concept of simplifying the architecture
of a wireless sensor node, the author proposed an alternative strategy using
piezoelectric transduction as the energy harvesting module. In the follow-
ing sections, the proposed design will be described in detail, including both
theoretical and experimental work involved in the project.
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3 Piezoelectric Transduction
Energy harvesting based on piezoelectric transduction has drawn consider-
able research interest in recent years [73, 87–98]. In most cases, simulation
models are helpful to examine the validation of the device as well as analyse
its performance, before a proposed device is built. This is also an essen-
tial process to design a piezoelectric energy harvester. Different approaches
have been considered to simulate piezoelectric cantilevers based on the con-
stitutive piezoelectric equations and a comprehensive analytical theory on
vibration-based piezoelectric energy harvesting has been introduced by A.
Erturk and D. J. Inman [73,87,99–101]. In addition, equivalent circuit mod-
els are widely used on this topic to simulate the performance of the piezo-
electric bimorph cantilevers, which is a more compatible approach when
complicated electrical loads are added to the simulation [76,90,102–105].
This chapter aims at building a suitable simulation model that will be
used in the next chapter for validation, evaluation and potential optimiza-
tion of the proposed piezoelectric prototype. An analytical model of a
clamped-free piezoelectric cantilever is built in Simulink based on a piezo-
electric beam model introduced by A. Erturk and D. J. Inman. This model
is compared with simulations from COMSOL and experimental measure-
ments for validation. In addition, the analytical model is interpreted to an
equivalent circuit model, which is the one used to simulate the piezoelectric
energy harvester in the next chapter.
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3.1 Analytical Approach of the Piezoelectric
Cantilever
The structure of piezoelectric bimorph beam with series connection is pre-
sented in Figure 3.1. The cantilevered beam, whose width and length are w
and l respectively, consists of three layers. The middle layer is the substruc-
ture and its thickness is ts. The upper and lower layers of the beam, with
the same thickness, tp, are both piezoelectric layers with opposing polarity
and are connected in series. The cantilever is fixed at x = 0, and a tip mass,
Mt, is mounted on the free end of the beam. A resistor, Rl, is connected to
the beam as its electrical load and the voltage across it is V (t). The x-axis
and z-axis are represented by subscripts 1 and 3 respectively in equations,
unless otherwise stated.
z(3)
ts tp
tp
x=lx=0
x(1) Rl V(t)
GND
Substructure Piezoelectric layer
w
Mt
Tip mass
Figure 3.1: Piezoelectric bimorph cantilever connected in series.
3.1.1 Modal Analysis
The governing equation for the series connected uniform bimorph cantilever
is given by [73] as:
−∂
2M(x, t)
∂x2
+ csI
∂5vrel(x, t)
∂x4∂t
+ ca
∂vrel(x, t)
∂t
+mp
∂2vrel(x, t)
∂t2
= −[mp +Mtδ(x− l)]∂
2vb(x, t)
∂t2
(3.1)
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where M(x, t) is the inertial bending moment of the beam, csI is an effective
term representing the strain rate damping coefficient, ca is the air damp-
ing coefficient, mp is the mass per unit length of the beam, and δ is the
Dirac delta function. In this governing equation, vb(x, t) is the transverse
displacement of the base, and vrel(x, t) is the neutral axis displacement of
the beam relative to the base in the transverse direction. In the case that
the base is fixed, vb(x, t) can be set equal to 0. Therefore, vrel(x, t) can be
replaced with v(x, t) for simplicity, and equation (3.1) can be written as:
−∂
2M(x, t)
∂x2
+ csI
∂5v(x, t)
∂x4∂t
+ ca
∂v(x, t)
∂t
+mp
∂2v(x, t)
∂t2
= 0 (3.2)
The inertial bending moment M(x, t) in equation (3.2) is the sum of the
bending moments for each layer:
M(x, t) = Mu(x, t) +Mm(x, t) +M l(x, t) (3.3)
where the superscripts, u, m, and l, stand for the upper layer, the middle
layer, and the lower layer respectively, and the bending moment for each
layer is:
Mu(x, t) = w
∫ tp+ts/2
ts/2
T p1 zdz
Mm(x, t) = w
∫ ts/2
−ts/2
T s1 zdz
M l(x, t) = w
∫ −ts/2
−tp−ts/2
T p1 zdz (3.4)
where T1 is the stress in the x direction, and the superscripts, s and p, repre-
sent the substructure and the piezoelectric layer respectively. By considering
Hooke’s law and the constitutive equation of the piezoelectric transduction,
the stress components can be given as:
T s1 = YsS
s
1, T
p
1 = c
E
11S
p
1 − e31E3 (3.5)
where Ys is the Young’s modulus of the substructure, c
E
11 is the piezoelectric
elastic modulus at constant electric field, and e31 is the effective piezoelectric
stress constant. In the equations, S1 is the strain for each layer and can be
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expressed as:
S1(x, z, t) = −z ∂
2v(x, t)
∂x2
(3.6)
The term, E3 in equations (3.5), is the electric field of the piezoelectric
layer. In the case of series connection, the polarity of the two layers are
opposite to each other, resulting in an opposite sign of e31 for the upper
and lower layers, and this gives the same electric field in both layers:
E3(t) = −V (t)
2tp
(3.7)
It is worth pointing out that the electric field is only a function of time
for this configuration, and in order to make this term survive after spacial
differentiation, it is multiplied by [H(x) − H(x − l)], where H(x) is the
Heaviside function:
H(x) =
{
0 x < 0
1 x ≥ 0 , δ(x) =
dH(x)
dx
(3.8)
where δ(x) is the Dirac delta function. By substituting equations (3.3–3.8)
to equation (3.2), the differential equation for series connection piezoelectric
beam can be written as:
Y I
∂4v(x, t)
∂x4
+ csI
∂5v(x, t)
∂x4∂t
+ ca
∂v(x, t)
∂t
+mp
∂2v(x, t)
∂t2
−βV (t)
[
dδ(x)
dx
− dδ(x− l)
dx
]
= 0 (3.9)
where β is the coupling coefficient term determined by the dimension of the
beam and the effective piezoelectric stress constant, e31.
β =
e31w
2tp
[(
tp +
ts
2
)2
−
(
ts
2
)2]
(3.10)
The bending stiffness term Y I is expressed as:
Y I =
2w
3
{
Ys
(
ts
2
)3
+ cE11
[(
tp +
ts
2
)3
−
(
ts
2
)3]}
(3.11)
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The mass per unit length is:
mp = w(ρsts + 2ρptp) (3.12)
where ρ is the mass density.
In the Modal analysis with proportional damping assumption, the vibra-
tion response of the beam can be represented as:
v(x, t) =
∞∑
r=1
φr(x)ηr(t) (3.13)
where φr(x) and ηr(t) are the mass-normalized eigenfunction and the modal
mechanical coordinate expression of the rth mode respectively. φr(x) can
be solved first based on the clamped-free model and the expression will be
given by the end of this subsection. Once the expression of φr(x) is known,
ηr(t) can be easily simulated using Simulink when the initial condition of
the beam is given.
The eigenfunction, φr(x), in the undamped free vibration case, is:
φr(x) = A cos
λr
l
x+B cosh
λr
l
x+ C sin
λr
l
x+D sinh
λr
l
x (3.14)
where A, B, C, and D are unknown constants and λr is:
λ4r = ω
2
r
mpl
4
Y I
(3.15)
where ωr is the undamped natural frequency of the r
th mode.
For a simple clamped-free cantilever without a tip mass in our considered
model (Mt = 0), the boundary condition can be written as:
φr(0) = 0,
dφr(x)
dx
∣∣∣∣
x=0
= 0 (3.16)
Y I
d2φr(x)
dx2
∣∣∣∣
x=l
= 0
Y I
d3φr(x)
dx3
∣∣∣∣
x=l
= 0 (3.17)
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Combning equations (3.14) and (3.16) gives:
B = −A, D = −C (3.18)
Equation (3.14) can then be written as:
φr(x) = A
(
cos
λr
l
x− cosh λr
l
x
)
+ C
(
sin
λr
l
x− sinh λr
l
x
)
(3.19)
Substituting equation (3.19) into equation (3.17) yields:[
cosλr + coshλr sinλr + sinhλr
sinλr − sinhλr − cosλr − coshλr
]{
A
C
}
=
{
0
0
}
(3.20)
In order to achieve non-trivial values of A and C, the coefficient matrix
of A and C has to be singular:
1 + cosλr coshλr = 0 (3.21)
The eigenvalue λr can be determined by solving equation (3.21), and the
first 3 eigenvalues are given in Table 3.1 [73].
Table 3.1: List of the eigenvalues
Mode of the beam λr
First mode 1.875
Second mode 4.694
Third mode 7.854
After determining the eigenvalues, the eigenfunction can be re-written
with a single unknown coefficient:
φr(x) = Ar
[
cos
λr
l
x− cosh λr
l
x+ ςr
(
sin
λr
l
x− sinh λr
l
x
)]
(3.22)
where Ar is the modal amplitude to be determined and ςr is:
ςr =
sinλr − sinhλr
cosλr + coshλr
(3.23)
The modal amplitude, Ar, can be determined by normalizing the eigen-
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function according to the orthogonality condition:∫ l
0
φj(x)mpφk(x)dx = δjk (3.24)
where j and k, are the considered modes, and δjk is the Kronecker delta
function. In terms of a single mode, the condition can be simplified as:
mp
∫ l
0
φ2r(x)dx = 1 (3.25)
By satisfying the orthogonality condition in equation (3.24), another or-
thogonality can be automatically satisfied:∫ l
0
φj(x)Y I
d4φk(x)
dx4
dx = ω2kδjk (3.26)
3.1.2 Dynamic Analysis of the Coupled Cantilever
Substituting equation (3.13) into equation (3.9) for each mode yields:
Y I
d4φr(x)
dx4
ηr(t) +
[
csI
d4φr(x)
dx4
+ caφr(x)
]
dηr(t)
dt
+mpφr(x)
d2ηr(t)
dt2
− βV (t)
[
dδ(x)
dx
− dδ(x− l)
dx
]
= 0 (3.27)
Multiplying the equation with φr(x) with equation (3.27), and integrating
over the length of the beam gives:
ηr(t)
∫ l
0
φr(x)Y I
d4φr(x)
dx4
dx+
d2ηr(t)
dt2
mp
∫ l
0
φ2r(x)dx
+
[∫ l
0
φr(x)csI
d4φr(x)
dx4
dx+
∫ l
0
caφ
2
r(x)dx
]
dηr(t)
dt
− βV (t)
∫ l
0
[
φr(x)
dδ(x)
dx
− φr(x)dδ(x− l)
dx
]
dx = 0 (3.28)
Considering the orthogonality condition in equations (3.24) and (3.26) for
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each mode, equation (3.28) can be simplified:
ω2rηr(t) +
d2ηr(t)
dt2
+
(
csIω
2
r
Y I
+
ca
mp
)
dηr(t)
dt
− βV (t)
∫ l
0
[
φr(x)
dδ(x)
dx
− φr(x)dδ(x− l)
dx
]
dx = 0 (3.29)
The term damping term [csIω
2
r/(Y I)] + (ca/mp), which is 2ξrωr, can be
calculated once cs and ca is determined, and also can be determined by
measuring the damping factor ξr in experiments.
Before we could achieve the equations of motion for each mode, the last
term on the left hand side in equation (3.29) needs to be solved by recalling:∫ ∞
−∞
f(x)
dδ(x− x0)
dx
dx = − df(x)
dx
∣∣∣∣
x=x0
(3.30)
This ends up with the equation of motion for the mechanical part:
d2ηr(t)
dt2
+ 2ξrωr
dηr(t)
dt
+ ω2rηr(t)− αrV (t) = 0 (3.31)
where αr is the modal electromechanical coupling term:
αr = β
dφr(x)
dx
∣∣∣∣
x=l
(3.32)
When a tip force is applied to the free end, a modal force term can be
added on the right side of the equation:
d2ηr(t)
dt2
+ 2ξrωr
dηr(t)
dt
+ ω2rηr(t)− αrV (t) = fr(t) (3.33)
where fr(t) is the modal force for each mode, and will be explained in the
next section.
3.1.3 Equation for the Electrical Part
Since strain of the beam is only considered along the x-axis in the in the
beam bending problem, the constitutive equation of the piezoelectric beam
for the electric displacement can be reduced as:
D3 = e31S
p
1 + 
S
33E3 (3.34)
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where D3 is the electric displacement in z-axis, 
S
33 is the permittivity com-
ponent at constant strain in z-axis, and the other terms are the same as in
equation (3.5).
According to the Gauss’s law, the total free charge in a volume is:
Qfree =
∫
A
D · ndA (3.35)
where A is the electrode area in this particular case, D is the electric dis-
placement vector in space, and n is a unit normal vector outwards. When
the piezoelectric beam is connected with a load resistor, Rl, the free charge
in the piezoelectric beam, according to the Ohm’s law, can be expressed as:
dQfree
dt
=
Vsingle(t)
Rl
(3.36)
where Vsingle(t) is the voltage across one piezoelectric layer.
Considering the x-z plane and combining equations (3.34), (3.35), and
(3.36) gives:
Vsingle(t)
Rl
− w d
dt
(∫ l
0
e31S
p
1dx+
∫ l
0
S33E3dx
)
= 0 (3.37)
Since E3 for each piezoelectric layer is equal to −Vsingle(t)/(tp), equation
(3.37) can be written as:
S33wl
tp
dVsingle(t)
dt
+
Vsingle(t)
Rl
− w d
dt
∫ l
0
e31S
p
1dx = 0 (3.38)
The strain Sp1 at the center of the piezoelectric layer is:
Sp1(x, t) = −tpc
∂2v(x, t)
∂x2
(3.39)
where tpc is the distance between the neutral axis and the center of the
piezoelectric layer, which is (tp + ts)/2.
Substituting equations (3.39) and (3.13) to equation equation (3.38) yields:
S33wl
tp
dVsingle(t)
dt
+
Vsingle(t)
Rl
+
∞∑
r=1
θr
dηr(t)
dt
= 0 (3.40)
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where θr is the modal electromechanical coupling term:
θr = e31tpcw
dφr(x)
dx
∣∣∣∣
x=l
= αr (3.41)
In terms of the series connection piezoelectric bimorph beam in Figure
3.1, the equation for electric part, according to the Kirchhoff’s laws, can be
given as:
Cp
dV (t)
dt
+
V (t)
Rl
+
∞∑
r=1
αr
dηr(t)
dt
= 0 (3.42)
where Cp is the total capacitance of the piezoelectric beam:
Cp =
S33wl
2tp
(3.43)
Equations 3.33 and 3.42 describe the clamped-free model of a piezoelec-
tric beam, and can be used to analyse the performance when the properties
and dimensions of a beam are given. With the help of Simulink, these two
coupled equations can be easily built without solving them. In the next sec-
tion, the analytical model will be delivered to the Simulink environment and
will be evaluated by comparing with both simulation results from COMSOL
and experimental results for validation.
In the comparison with COMSOL, static analysis will be considered to
examine the output voltage and the tip displacement of the simulated beam,
when a tip force is applied to it. When the model is compared with the
experimental set-up, a tip force will be applied to the beam initially and
will be removed so that the beam will be free to vibrate. Comparison will
be made considering both the amplitude and the frequency of the output.
3.2 Static Analysis: Comparison between the
Analytical Model and the COMSOL
Simulation
Using the analytical model described in last section, the output of a piezo-
electric beam, including the open circuit voltage and the tip displacement,
can be analysed when a load force is applied to the free end of the beam.
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In this section, simulation from COMSOL is used to compare with the an-
alytical model considering different piezoelectric materials to examine the
deference between the two simulation approaches. It is worth pointing out
that the analytical model is time dependent, and therefore the simulation
results of the analytical model in Simulink are in fact quasi-static, which
requires that the variation speed of the load force is sufficiently slow and
hardly has effects on the dynamic terms of the model.
3.2.1 PZT-5H Piezoelectric Cantilever
One of the commonly used materials for piezoelectric beams is PZT-5H,
which is applied to the simulated model in this section. The cantilever
structure simulated here is the same as the series connection one in Figure
3.1 but without a tip mass, and the dimensions of the simulated beam are
shown in Table 3.2.
Table 3.2: Dimensions of the simulated piezoelectric beam
Common dimensions Value
Width [w] 1.5 mm
Length [l] 26.5 mm
Thickness Value
Piezoelectric layer [tp] 0.09 mm
Substructure layer [ts] 0.1 mm
The material of substructure layer considered in the model is a Carbon
fibre and the properties needed are listed in Table 3.3.
Table 3.3: Properties of the substructure layer
Property Value
Young’s modulus 120 GPa
Density 1.6 Kg/m3
Poisson’s ratio 0.1
Relative permittivity 1
By defining the properties of each layer in COMSOL, a series connection
piezoelectric beam model can be simulated. Figures 3.2 and 3.3 illustrate
the displacement and the open circuit voltage respectively when a transverse
tip load of 0.045 N is applied to the beam.
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Figure 3.2: Displacement of the piezoelectric beam in COMSOL.
Figure 3.3: Open circuit voltage of the piezoelectric beam in COMSOL.
As shown in the figures, when a tip load deflects the piezoelectric beam,
voltage is generated across the beam, and the tip displacement is 1.41 mm
and the open circuit voltage is 34.4 V with a 0.045 N tip load.
The same model can be built using equations (3.33) and (3.42) described
in last section. In the case that a tip force is applied to the free end of the
beam, the Modal force in equation (3.33) can be considered as a lumped
force at x = l:
fr(t) = φr(l)F (t) (3.44)
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where F (t) is the tip force applied to the beam, and equations for the model
are:
d2ηr(t)
dt2
+ 2ξrωr
dηr(t)
dt
+ ω2rηr(t)− αrV (t) = φr(l)F (t)
Cp
dV (t)
dt
+
V (t)
Rl
+
∞∑
r=1
αr
dηr(t)
dt
= 0 (3.45)
The Simulink block diagrams corresponding to the equations are shown
in Figures 3.4 and 3.5.
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Figure 3.4: Architecture of the equation of motion in Simulink.
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Figure 3.5: Architecture of the coupled electrical circuit equation in
Simulink.
In terms of the open circuit situation, the load resistor Rl in the equation
is considered to be infinity. In addition, since the analytical model requires
to set damping factors for each mode, whereas these parameters are unim-
portant for static analysis, the damping factors are simply assumed to be
0.2 for each mode. The analytical model can be realised using Simulink,
and up to 3 modes are considered. Figure 3.6 illustrates the architecture of
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the model in Simulink.
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Figure 3.6: Architecture of the analytical model in Simulink.
In the Simulink model, when a tip load of 0.045 N is applied to the free end
of the beam, the tip displacement is 1.45 mm and the open circuit voltage
is 33.3 V. Compared with the results from COMSOL, the difference is 2.8%
for the tip displacement, and 3.5% for the open circuit voltage, which means
the results of the two simulations are close to each other.
A parametric sweep on tip force is applied to both methods for further
comparison. Figures 3.7 and 3.8 show the comparison results for the tip
displacement and the open circuit voltage respectively when different forces
are applied to the free end of the beam. The difference of the results be-
tween the COMSOL simulation and the analytical model can be evaluated
60
0 0.02 0.04 0.06
0
0.5
1
1.5
2
2.5
Force [N]
D
is
pl
ac
em
en
t [
m
m
]
 
 
COMSOL
Simulink
Figure 3.7: Simulation results of PZT-5H: tip displacement vs tip force.
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Figure 3.8: Simulation results of PZT-5H: open circuit voltage vs tip force.
by comparing the slope of the plots, and the difference is 3% for the tip
displacement and 3.3% for the open circuit voltage, which could be caused
by the different approximation manners used in the two models. The results
indicate that the two methods match each other well considering the static
analysis of the PZT-5H piezoelectric beam. In the next few subsections,
some other piezoelectric materials with the same dimensions are simulated
to make further comparison between the two methods.
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3.2.2 PZT-5A Piezoelectric Cantilever
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Figure 3.9: Simulation results of
PZT-5A: tip displace-
ment vs tip force.
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Figure 3.10: Simulation results of
PZT-5A: open circuit
voltage vs tip force.
The difference between the two models is 3% for the tip displacement,
and 4.2% for the open circuit voltage.
3.2.3 PZT-5J Piezoelectric Cantilever
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Figure 3.11: Simulation results of
PZT-5J: tip displace-
ment vs tip force.
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Figure 3.12: Simulation results of
PZT-5J: open circuit
voltage vs tip force.
The difference between the two models is 2.4% for the tip displacement,
and 3.3% for the open circuit voltage.
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3.2.4 PZT-4 Piezoelectric Cantilever
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Figure 3.13: Simulation results of
PZT-4: tip displace-
ment vs tip force.
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Figure 3.14: Simulation results of
PZT-4: open circuit
voltage vs tip force.
The difference between the two models is 2.3% for the tip displacement,
and 3.2% for the open circuit voltage.
3.2.5 PZT-4D Piezoelectric Cantilever
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Figure 3.15: Simulation results of
PZT-4D: tip displace-
ment vs tip force.
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Figure 3.16: Simulation results of
PZT-4D: open circuit
voltage vs tip force.
The difference between the two models is 2.6% for the tip displacement,
and 3.7% for the open circuit voltage.
The comparison between COMSOL and the analytical model in Simulink
shows that the two methods can match each other with small difference (less
than 5%) in both tip displacement and open circuit voltage simulations in
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terms of the static analysis.
In addition, Table 3.4 shows the tip displacement and the output voltage
of piezoelectric beams with different materials when a 0.45 N tip force is
applied. By comparing the results in the table, the PZT-5A beam can
generate the highest surface voltage whereas the PZT-5H beam is the worst.
In many cases, power density is a significant concern to design an energy
harvesting device, and therefore the voltage-to-displacement (V/D) ratio is
expected to be as large as possible to enhance the output power without
increasing the dimensions of the device. According to the table, the PZT-4
has the best V/D ratio, and could be the best candidate to maximize the
power output among the five materials.
Table 3.4: COMSOL results of different beams with the same load force
(0.045 N) applied
PZT material Tip displacement Voltage V/D ratio
PZT-5H 1.41 mm 34.4 V 24.4 V/mm
PZT-5A 1.43 mm 42.9 V 30.0 V/mm
PZT-5J 1.41 mm 35.9 V 25.5 V/mm
PZT-4 1.11 mm 40.6 V 36.6 V/mm
PZT-4D 1.19 mm 40.0 V 33.6 V/mm
In the next section, experiments are conducted to evaluate the dynamic
performance of the piezoelectric cantilever and comparisons are made be-
tween the experimental measurements and the analytical model in Simulink.
3.3 Dynamic Analysis: Comparison between the
Analytical Model and the Experimental
Measurements
The experiment set-up is shown in Figure 3.17. The beam is clamped at
one end, and is free at the other end. The displacement sensor in use is a
LK-H052 laser displacement sensor from KEYENCE as can be seen from
the figure.
The piezoelectric beam tested in the experiment is a customised cantilever
from Johnson Matthey and the properties of the piezoelectric beam are listed
in Table 3.5.
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Displacement
Sensor
Piezoelectric 
Beam
Figure 3.17: Experimental set-up of the piezoelectric beam.
Table 3.5: Properties of the beam
Common Dimensions
Width [w] 1.5 mm
Total length [l] 26.5 mm
Free length [lfree] 23.5 mm
Substructure layer
Thickness [ts] 0.1 mm
Density [ρs] 1.6 Kg/m
3
Young’s modulus [Ys] 120 GPa
Piezoelectric layer
Thickness [tp] 0.1 mm
Density [ρp] 8.1 Kg/m
3
Compliance [sE11] 14.2×10−12 m2/N
Piezoelectric charge constant [d31] −315×10−12 C/N
Relative Permittivity [tr33] 4500
Some parameters needed in the analytical model can be calculated in the
following equations:
cE11 =
1
sE11
, e31 =
d31
sE11
, s33 = o
t
r33 −
d231
sE11
(3.46)
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where o is the vacuum permittivity, which is approximately 8.85×10−12 F/m.
3.3.1 Damping Ratio Evaluation
In order to simulate the cantilevered beam in Simulink for dynamic analysis,
the damping ratio of the beam needs to be evaluated instead of an assumed
value in the static analysis. In practice, the damping ratio of the analytical
model can be extracted from the experimental measurements in a damped
vibration. Figure 3.18 illustrates the tip displacement of the first mode, and
the curve fitting of the peak value.
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Figure 3.18: Tip displacement of first mode filtered from the measurement
result.
In this measurement, a tip force is applied to the beam to deflect it, and
is removed suddenly at t = 0, as shown in the figure, for free vibration.
The curve fitting of the peak value in theory is expressed as an exponential
decay:
Dfitting(t) = Aoe
−ωrξrt (3.47)
where Ao is the amplitude, and ωrξr is the decay constant, which is 75
in the experiment and provides ξ1 = 0.039. By using the same method,
the damping ratio of the other modes can also be evaluated, but it is not
available in this experiment set-up due to the white noise of the result.
Since the the first mode is the most significant one in the modelling [73],
66
the damping ratios of the other modes (i.e. the second and the third mode)
are set to be equal to the one of the first mode. This approximation can be
validated by the evidence that the Simulink results show good agreement
with the experimental results in the next subsection.
In addition, the first peak from the measurement is above the curve fitting,
which is marked in the red ellipse. This phenomenon always happens in
experiments because the time to remove the tip force cannot be 0 in practice,
and this will be considered in the analytical model.
3.3.2 Comparison Results
Figures 3.19 and 3.20 present the tip displacement and the output voltage
from the experimental set-up with an impulse tip force applied by a needle
when the load resistor is 1 MΩ.
As can be seen from the figures, the output voltage shows an obvious
dissipation by the load resistor when the tip force is bending the beam,
and the local average value of the output voltage at the beginning of the
vibration shifts to V < 0, and goes back gradually to V = 0 during the
vibration.
After all the parameters needed for simulation are set, the same tip force
can be applied to the analytical model in Simulink as described in section
3.2. Since it was not measured in the experiment, the tip force applied to
the analytical model was chosen to fit the experiment results. The simulated
tip displacement and the output voltage is presented in Figures 3.21 and
3.22.
The voltage dissipation can also be observed from the simulation and the
simulated results are consistent with the experimental results, except that
a mismatch in the voltage amplitude can be observed (25% for the first
peak in vibration). This may happen because the tip force applied to the
simulation model is not exactly the same as the real tip force. In addition,
self-leakage of the piezoelectric beam and the equipment-introduced leakage
may also cause the mismatch between the two results since the leakage is
not considered in the simulated model.
Another important evaluation is the resonant frequency of the piezoelec-
tric beam. This can be calculated either from the tip displacement or from
the output voltage using Fourier transform, and the results of the measure-
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ment and the simulation are shown in Figures 3.23 and 3.24 respectively.
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Figure 3.19: Measurement of the tip
displacement.
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Figure 3.20: Measurement of the
output voltage.
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Figure 3.21: Simulation result of the
tip displacement.
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Figure 3.22: Simulation result of the
output voltage.
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Figure 3.23: Natural frequency from
the measurements.
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Figure 3.24: Natural frequency of
the simulation result.
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As presented in the figures, the resonant frequency is 327.2 Hz from the
experimental set-up and 319.8 Hz from the simulation, which result in a
small difference of 2.3%.
By comparing the dynamic performance of the simulation to that of the
experiment, the analytical model shows a good agreement qualitatively with
the experimental measurement, but for quantitative analysis, an obvious
mismatch occurs in terms of the output voltage.
To further prove the validation of the analytical model, a similar compar-
ison is made with a 10 MΩ load, and the experimental results are illustrated
in Figures 3.25 and 3.26.
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Figure 3.25: Measurement of the tip
displacement.
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Figure 3.26: Measurement of the
output voltage.
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Figure 3.27: Simulation result of the
tip displacement.
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Figure 3.28: Simulation result of the
output voltage.
By increasing the load resistance to 10 MΩ, the output voltage during
the deflection shows a slower dissipation caused by the load, compared to
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the result with 1 MΩ. The same trend can be observed in the simulation
result.
Comparing the simulation results in Figures 3.27 and 3.28 to the mea-
surement results, they still show a good agreement with each other, apart
from the only mismatch in the voltage amplitude (12.5% for the first peak
in vibration), which might be improved with a more accurate simulated
force and the consideration of the leakage including the self-leakage of the
piezoelectric beam and the leakage introduced by the experimental set-up.
The base excitation model by Erturk et al. has been successfully modified
and used to simulate the model with tip force excitation. The simulation
results show good agreement with the experiment results for qualitative
comparison whereas the voltage amplitudes do not match well quantita-
tively. In the next section, equivalent circuit is introduced based on the tip
excitation model.
3.4 Equivalent Circuit
The modal analysis of the piezoelectric cantilever can be used as a tool to
analyse the performance of the beam. However, it is not always convenient
for the simulation when a complicated electrical load is connected to the
piezoelectric beam since it is difficult to transfer all the electrical compo-
nents to functional blocks available in Simulink. In this case, the equivalent
circuit can be a more efficient tool to evaluate the performance of the device
including multi-mode simulation [104]. One of the commonly used equiva-
lent circuit model for piezoelectric beams (single mode) can be described as
the circuit in Figure 3.29 [76,102].
The basic idea of this equivalent circuit is to translate equations 3.45 to
the electrical model considering Kirchhoff’s voltage law (KVL) and Kirch-
hoff’s current law (KCL).
In this model, the mechanical module of the piezoelectric beam on the
left side and the electrical module on the right side are coupled by the
ideal transformer, XFM . The electrical components, resistor Rm, inductor
Lm, and capacitor 1/Cm, represent the damping factor, the mass and the
stiffness of the beam respectively. The tip force is replaced with a voltage
source, and in terms of the modal analysis translation, a voltage-controlled
voltage source is added to provide the modal force to the mechanical part
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Tip 
Force Gain
GND GND
XFM
Rm Lm Cm
Cp
Figure 3.29: Single mode equivalent circuit of the piezoelectric beam.
of the circuit. On the right side of the model, the capacitor Cp is the
piezoelectric capacitor of the beam which is identical to the term Cp in
equations 3.45. The electrical components in the equivalent circuit model
and their expressions in the analytical model are listed in Table 3.6.
Table 3.6: Parameters of the equivalent circuit
Electrical component Correlated modal
expression
Gain φr(l)
Rm 2ξrωr
Lm 1
Cm 1/ω
2
r
XFM αr
Cp Cp
Similar to the analytical model, the equivalent circuit model is compatible
with simulating piezoelectric beams with multiple modes by interpreting the
summation of each modes in the analytical model to the parallel connection
of each mode in the equivalent circuit. As shown in Figure 3.30, a circuit
model up to three modes is built. Compared to the single mode model, the
main difference is that the three mechanical parts corresponded to the first
three modes respectively are connected in parallel and contribute together
to the electrical part of the circuit.
In Figure 3.30, the output voltage is measured across the load resistor
which is marked as Vo. The tip displacement for each mode, based on
the equations, is the charge stored in the capacitor of the mechanical part
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Figure 3.30: Equivalent circuit of the piezoelectric beam up to three modes.
multiplied by φr(l), and the total tip displacement in this model can be
estimated as:
v(l, t) =
3∑
r=1
CrVrφr(l) (3.48)
where Cr is the capacitor on the mechanical side and Vr is the voltage across
it.
The same parameters as those used in the last section are applied to the
model in Figure 3.30, and the tip displacement and the output voltage with
a 1 MΩ load are presented respectively in Figures 3.31 and 3.32.
Compared with the analytical model in the last section, results are quite
close to each other in terms of the transient analysis, and the resonant
frequency of the equivalent circuit model is approximately 317 Hz.
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The equivalent circuit is also applied to the simulation with a 10 MΩ
load and as shown in Figures 3.33 and 3.34, the results also provide a good
agreement with the one from the analytical model.
By comparing the results of the equivalent circuit model and the analyt-
ical model, successful translations from the analytical model to the equiva-
lent circuit has been made and the equivalent circuit approach is valid for
modelling the piezoelectric beam.
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Figure 3.31: Simulation result of the
tip displacement from
the equivalent circuit
with 1 MΩ load.
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Figure 3.32: Simulation result of the
voltage from the equiv-
alent circuit with 1 MΩ
load.
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Figure 3.33: Simulation result of the
tip displacement from
the equivalent circuit
with 10 MΩ load.
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Figure 3.34: Simulation result of
the voltage from the
equivalent circuit with
10 MΩ load.
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3.5 Conclusions
Different modelling methods for the piezoelectric beam are introduced in
this chapter, especially the theoretical analysis by Erturk et al. A tip exci-
tation model is built based on the base excitation model and is simulated
using Simulink. The output results of the model are compared with the finite
element method (FEM) model from COMSOL and the measurement results
from the experimental set-up to validate its performance. The comparisons
provide an acceptable agreement and prove that the analytical model can
be used as an effect tool for modelling the piezoelectric beam.
In addition, the analytical model has been successfully interpreted to an
equivalent circuit model, which can also be used to simulate piezoelectric
beams when multiple modes are considered. An equivalent circuit model
up to three modes is simulated in this chapter and it manages to obtain the
same results compared to the analytical model, which will be used to prove
the feasibility of the proposed piezoelectric device in the next chapter.
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4 Piezoelectric Pulse Generator
The piezoelectric prototype proposed in this thesis focuses on extracting
inertial energy from motion sources at random low frequencies (∼10 Hz),
such as body motions, whereas the resonant frequencies of the piezoelectric
beams are, in most cases, several dozen or hundred times higher than the
frequencies of the motion sources, which makes it difficult for a piezoelectric
cantilever to be directly excited and work at the resonant frequency by a
motion source of this kind.
Various piezoelectric energy harvesters were designed such as [106] and
[107]. These piezoelectric energy harvesters provide a wide range of solutions
to convert mechanical energy to electrical energy from motions at different
frequencies. By applying an external proof mass, the electrostatic energy
harvester from our group demonstrated a new mechanism to extract inertial
energy from non-harmonic motion at low frequencies [108], and another
prototype from our group extended the application of the external proof
mass to piezoelectric energy harvesting [75].
Even though the piezoelectric energy harvester in [75] can operate with
motions at random low frequencies, motion sources like body motions can-
not provide continuous and constant energy for the energy harvester. The
prototype normally needs a power management circuit to rectify and store
the extracted energy, and the energy is available to either power a device or
charge a battery after the energy is accumulated for a period of time. By
combining the features of the two devices in [108] and [75], the proposed
piezoelectric energy harvester is designed to avoid the issue.
This new energy harvester is designed as a piezoelectric pulse generator
that generates impulse power for its load device when it is excited by a
motion source. In this way the load device is expected to operate only
when there is an inertial energy input and no complicated interface is needed
between the energy harvester and the load device to process or boost the
extracted energy.
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In this chapter, both quasi-static and dynamic simulations from the equiv-
alent circuit model are used to prove the concept of the piezoelectric pulse
generator. A large-scale rolling rod device and a miniature rolling ball de-
vice were built and tested to present the function of the pulse generator.
In addition, a numerical analysis is introduced to evaluate the performance
both in the unbiased case and the pre-biased case of the pulse generator.
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4.1 Piezoelectric Pulse Generation: Equivalent
Circuit
By using piezoelectric transduction, mechanical energy can be converted to
electrical energy as a power source for electronic devices. In most cases,
piezoelectric energy harvesting requires a load circuit, including regulators,
rectifiers, storage circuits and sometimes boost converters, before it is avail-
able for a device [73]. Here, a new device that can generate impulse power
with piezoelectric transduction is proposed and presented by the equivalent
circuit model.
4.1.1 Equivalent Circuit for Quasi-Static Analysis
The equivalent circuit model introduced in the last chapter is used here
to conduct a quasi-static analysis for the piezoelectric beam instead of a
dynamic analysis, so that the simulation analysis can illustrate the relations
between the mechanical and electrical performance of the beam without the
interference of vibrations. In order to achieve a quasi-static analysis, the
tip force is required to change slowly to prevent the piezoelectric beam
from vibrating after it is freed. The equivalent circuit schematic of the mth
mode is shown in Figure 4.1, and the corresponding parameters used in this
analysis (the first 3 modes) is listed in Table 4.1
CmLm
Cp
Rm
Tip
Force Em
Vo Vo
XFM
Repeated part for each mode
Figure 4.1: Schematic of the quasi-static analysis.
It is worth pointing out that the removal of the dynamics related factors,
such as Rm and Lm, is not strictly required as it does not contribute to
the performance much when the change speed of the force is sufficiently
low. The tip force applied to the circuit is plotted in Figure 4.2 (a) and
77
Table 4.1: Parameters for the quasi-static analysis
Component value Component value
1st mode: 3rd mode:
Em 252.5 Em 252.5
Rm 150.07 Ω Rm 2.63 kΩ
Lm 1 H Lm 1 H
Cm 0.27 µF Cm 0.88 nF
XFM , Winding ratio 0.049 XFM , Winding ratio 0.28
2nd mode: Cp 6.53 nF
Em −252.5 Tip Force:
Rm 940.53 Ω 0→ 0.04 N
Lm 1 H Trise 50 ms
Cm 6.88 nF Tfall 50 ms
XFM , Winding ratio −0.17 Ton 50 ms
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Figure 4.2: Simulation results from LTspice: (a) tip force; (b) tip displace-
ment; (c) open circuit voltage.
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the output results of the piezoelectric beam are presented in Figure 4.2 (b)
and (c). The external force is set to ramp up from 0 to 0.04 N, and after
levelling off for 50 ms, it ramps down to 0. As shown in the plot, the tip
displacement and the open circuit voltage generated across the piezoelectric
beam are both proportional to the tip force, and when the force vanishes,
the two states are back to the origin. In this case, the electrical energy
generated in this process is not consumed by any external loads and is all
restored internally in the piezoelectric system.
4.1.2 Load Capacitor and the ”Stuck” Issue
In order to use the piezoelectric energy to power electronic devices, a ca-
pacitor is applied to the piezoelectric system to share and store the energy
generated from the beam temporarily.
Cp S
W
1
CL
Vsw
Vo
.model SW SW()
Figure 4.3: Piezoelectric beam with a load capacitor connected.
As shown in Figure 4.3, a switch, SW1, is connected between the piezo-
electric capacitor, Cp, and the load capacitor, CL, to control the connection
and disconnection between them. This quasi-static event can be simpli-
fied as an electrical issue that constant charge Qo originally on Cp is shared
with CL when the two capacitors are connected in parallel. Since the energy
stored in a capacitor is
E =
1
2
CV 2 (4.1)
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where E is the energy on a capacitor, C is the capacitance, and V is the
voltage across the capacitor, and the charge on a capacitor is
Q = CV (4.2)
where Q represents the charge, the original energy Etot on Cp can then be
written as
Etot =
1
2
CpV
2
o =
Q2o
2Cp
(4.3)
which is also the total energy. After SW1 is closed, the energy shared to CL
is
EL =
1
2
CLV
′2
o (4.4)
where V
′
o is the new value of Vo after the charge sharing, and V
′
o = Qo/(Cp+
CL). After rearrangement, EL can be expressed as
EL =
Q2o
2
1
2Cp + (
C2p
CL
+ CL)
(4.5)
which shows that EL reaches the maximum value when CL is chosen to be
equal to Cp. In this case, half of the charge can be stored in CL and the
extracted energy is
EL =
Q2o
8Cp
(4.6)
which is 25% of Etot.
Figure 4.4 illustrates the simulation results when Cp is equal to CL. As
shown in the figure, the voltages on Cp and CL are plotted with the external
force identical to the one in Figure 4.2. When the open circuit voltage on the
piezoelectric beam reaches constant, switch SW1 closes at 0.06 s for 0.01 s
before the external force starts to decrease. The charge on the piezoelectric
capacitor is then shared with the load capacitor as can be seen from the
plots.
By applying the load capacitor and the switch to the system, part of the
piezoelectric energy can be extracted out of the system and is available for
a next stage circuit. However, after the disconnection between the piezo-
electric beam and the load capacitor, the open circuit voltage on the beam
turns negative when the force is removed. This ”stuck” phenomenon can
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Figure 4.4: Simulated voltages with CL connected.
also be observed from the tip displacement as presented in Figure 4.5, which
shows that the beam is still deflected without any external force. This oc-
curs because part of the charge is shared out of the piezoelectric beam to
the external capacitor, CL, which generates a Coulomb force and prevents
the beam recovering to its relaxed state.
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Figure 4.5: Simulated displacement with CL connected.
This ”stuck” issue is unexpected because the performance described above
is proposed to be repeated so that in each period, a fixed amount of energy
can be extracted to the load capacitor and is applied to the next stage
circuit.
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4.1.3 Initial Concept to Solve the ”Stuck” Issue
Figure 4.6 presents the initial solution to this issue. The switch, SW2,
together with a resistor, R, is added to the piezoelectric system. These two
components provide a path to discharge the beam when it is necessary.
Cp
S
W
1
CL
Vsw1
SW2 V
sw
2
R
Vo
.model SW1 SW()
.model SW2 SW()
Figure 4.6: Solution to the ”stuck” issue.
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Figure 4.7: Simulated voltages when a reset path is added.
Figure 4.7 shows the results when the discharge path is applied. Switch
SW2 is closed at 0.6 s for 0.01 s, after the external force is removed. The
plots indicate that the load capacitor manages to extract energy from the
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piezoelectric beam and the negative energy on the beam can be dissipated
through the resistor added in Figure 4.6. In addition, the beam can be
released to its neutral axis as presented in Figure 4.8.
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Figure 4.8: Simulated displacement when a reset path is added.
Adding the load capacitor and the resistor, together with the two switches
to the piezoelectric beam, allows the piezoelectric energy to be harvested
and also realizes the reset of the beam. The simulations above describe
the basic concept of the piezoelectric pulse generator. By adding an extra
switch between CL and the next stage load circuit, energy stored in CL can
then be used as a power source. The key point to realize the pulse generator
is the sequence of the switching.
The switches in the simulations can be controlled precisely by the volt-
age sources connected to them, whereas in practice, these switches must
be implemented with mechanical switches. This makes self-synchronous
switching a complicated process and is difficult to control the exact time for
the switches to close or open when no clock circuit is in presence. Therefore,
an alternative method is required to achieve the self-synchronous switching.
4.1.4 Switching Diodes
Instead of mechanical switches, diodes can be used as electrical switches un-
der particular circumstances. The drawback of using a diode is its threshold
voltage Vth, which results in a voltage penalty in the circuit. Apart from
this, a low-leakage diode can be a good candidate as a voltage-controlled
switch, which is suitable in the proposed pulse generator.
Figure 4.9 is the schematic of the piezoelectric system. The two switches,
SW1 and SW2 in Figure 4.6, are replaced with diodes, D1 and D2, respec-
tively. In this case, no control signal is needed for switching as shown in the
83
Cp
CL
D1
D2
Vo
Figure 4.9: Alternative method of self-switching.
schematic, and the connection and disconnection of the diode is determined
by the voltage across it.
When the external force is applied to the piezoelectric beam, the voltage
across the beam makes D1 forward biased whereas D2 reverse biased. This
allows the load capacitor to be connected to the piezoelectric capacitor
and charge can be shared between the two capacitors, whilst the reverse
biased D2 breaks the discharge path to prevent the generated charge being
dissipated directly.
When the force starts to decrease, the voltage across the piezoelectric
beam also decreases, making D1 reverse biased and isolating the load ca-
pacitor from the piezoelectric system. After the voltage across the beam
reaches negative, D2 is forward biased allowing the beam to be discharged
through it. In this case, the beam can be reset automatically with D2.
The simulation results with the switching diodes applied are in Figure
4.10. The voltage across CL follows the voltage across Cp, before the de-
crease of the voltage across Cp. After the tip force is removed, the voltage
across Cp stays constant at 0, which indicates that D2 can be used to dis-
charge the piezoelectric capacitor. Figure 4.11 illustrates the dynamic anal-
ysis with self-switching diodes added when the removal speed of tip force is
increased.
As shown in the results, the load capacitor, CL, extracts charge not only
from the deflection when the tip force is applied, but the charge is also
shared during the vibration. In addition, the voltage on the beam stays
positive when it stops vibrating, rather than at 0 as expected. However
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Figure 4.10: Simulation results with self-switching diodes applied.
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Figure 4.11: Simulation results of dynamic analysis.
this does not affect the function of the proposed pulse generator since the
positive charge can be dissipated by the next stage load together with the
charge stored in CL.
By adding diodes to the circuit, the proposed device can achieve self-
synchronous switching without any control signals. Figure 4.12 is the schematic
when a load resistor of 1 MΩ is connected to the piezoelectric beam, and the
output voltage on the load resistor in 5 cycles is illustrated in Figure 4.13.
As can be seen from the result, a series of identical impulse outputs are
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Figure 4.12: Schematic with a load resistor connected.
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Figure 4.13: Simulation results with load resistor connected.
generated. The result demonstrates that by using the concept of pulse gen-
eration, a fixed amount of energy can be harvested and provided to a load
circuit in each operating cycle. This makes it feasible to build an electronic
platform, which can be powered without any traditional power sources such
as batteries.
4.2 Structure and Operating Principle
The piezoelectric pulse generator includes two parts: the electromechanical
module and its load circuit. The electromechanical part, introduced in this
section, can be excited by ambient motions at random low frequencies and
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actuates the piezoelectric cantilever for energy generation. The circuit is
used for instant energy storage when the device is operating as has been
introduced in the previous section.
4.2.1 Electromechanical Module and Intermediate Circuit
Rolling Rod
Electrode E1
Electrode E2
Piezoelectric Beam
Magnet
Sensor Window
Electrode E1
Figure 4.14: Structure of the electromechanical module.
The structure of the electromechanical part is presented in Figure 4.14. As
illustrated, a piezoelectric cantilevered beam is mounted on the substrate of
the prototype. A suitable magnet is selected and attached to the free end of
the beam. A steel rolling rod is supported on the side walls of the substrate,
and is free to roll back and forth. The rolling rod plays three roles in the
prototype. It is used as a proof mass excited by non-harmonic vibrations,
and it actuates the piezoelectric cantilever by magnetic coupling together
with the magnet. In addition, the rolling rod forms mechanical switches
with electrodes E1 or E2, for self-synchronous switching of the circuit. The
first two of the three functions are used for energy harvesting, and the third
one is used as both a connector and a controller between the mechanical
module and its load circuit.
As shown in Figure 4.15, each time the rod moves from one end-stop to
the other (one operating cycle in response to measurement of the platform),
the piezoelectric beam is deflected vertically by magnetic attraction between
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the rod and the magnet, and when the rod moves away from the magnet,
the beam is released to vibrate. Piezoelectric energy is generated both from
deflection and vibration of the piezoelectric beam.
Rolling Rod
Piezoelectric Beam
Tip Magnet Deflected                         Vibrating
Figure 4.15: Operating process of the energy harvester in one operating
cycle.
Piezo
D1
D2 Cload Rload
E1 E2
SW
GND
Figure 4.16: Schematic of the intermediate circuit.
Since the open circuit voltage generated is proportional to the tip displace-
ment of the beam [73] [109], it is not constant when the beam is deflected
and vibrating. Therefore, the piezoelectric energy is not directly suitable
for powering a circuit load. The circuit part of the pulse generator in Fig-
ure 4.16, which has been simulated in last section is used as an intermediate
storage to isolate the electromechanical module from its load device, so that
the energy generated from the piezoelectric beam can be converted to one
impulse output per operating cycle with a constant pulse amplitude, other
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than a DC output.
4.2.2 Experimental Set-Up and Measurements
As presented in Figure 4.17, a large scale model was set up to verify the
proposed concept of the piezoelectric pulse generator. Electrodes E1 and E2
are made of copper tape, and are attached through the track of the rolling
rod. The beam, which is a piezoelectric bimorph from Johnson Matthey,
is fixed by a clamp on the substrate. The free length of the bimorph is
38 mm. The capacitance for each piezoelectric layer is ∼45 nF, and only
one layer is used in this prototype. A square window is made on the sub-
strate, which allows the laser sensor to be mounted under the generator for
measurement. In order to actuate the piezoelectric beam, a block magnet
(N45 neodymium) is used with dimensions 5 mm × 4 mm × 1.5 mm. The
mass of the metal rolling rod is 390 g.
110mm
150mm
Electrode E1
Rolling Rod
Piezoelectric Beam
Magnet
Sensor Window
Electrode E2
Electrode E1
Figure 4.17: Rolling rod generator of the experimental set-up.
Open circuit measurement is made by using the the set-up without the
load circuit described in Figure 4.16, and a laser displacement sensor (Keyence
LK-H052) is used to measure the tip displacement of the beam. The results
are shown in Figure 4.18. As can be observed from the voltage plot, the first
two positive peaks are generated when the piezoelectric beam is deflected.
As illustrated in Figure 4.19, the tip displacement is not constant during
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one pass of the rolling rod, and as the amplitude of the open circuit voltage
is proportional to the tip displacement of the beam, the first pulse occurs
instantaneously when the magnet touches the rod and the second pulse oc-
curs just before the beam is free to vibrate. In addition, the amplitude of
the second pulse is larger than the first one. This is because the rod pulls
the tip of the beam to a higher position before it frees the beam, making
h3 larger than h1 in Figure 4.19. Apart from the deflection pulses, the rest
of the resonant waveform in Figure 4.18 is from the vibration after the rod
moves away from the beam.
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Figure 4.18: Measurement result of the open circuit voltage and tip displace-
ment of the piezoelectric beam.
It is worth pointing out that the maximum voltage amplitude during the
deflection is much higher than the first positive vibration peak as shown
in Figure 4.18, which also can be observed from the tip displacement of
the piezoelectric beam. This phenomenon occurs because in practice the
magnetic force does not vanish instantly when the rod rolls away from the
tip magnet. In addition, by comparing the two plots in Figure 4.18, when
the tip displacement goes back to the neutral axis, the voltage of the beam
does not completely vanish. This is caused by the charge leakage through
the internal impedance of the probes for the measurement.
The open circuit measurement indicates excellent performance as an en-
ergy harvester, but as the output depends on the mechanical behaviour of
the rod and the natural frequency of the beam, it is not directly suitable for
use in WSN nodes. By connecting the circuit of Figure 4.16 to the piezoelec-
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Beam
Magnet
h1 h2 h3
Neutral Axis
Figure 4.19: Successful tip displacements of the piezoelectric beam.
tric beam, the energy extracted can be regulated and stored simultaneously
in the load capacitor, and the stored energy can then be discharged to the
external load of the pulse generator synchronously when the rod-electrode
switch is closed.
The intermediate circuit as the one shown in Figure 4.16 is used for the
experiment set-up. The diodes used in the experiment are BAS45a low
leakage diodes, and the load capacitor is chosen to be 47 nF to match the
piezoelectric capacitor. During the measurement, the load capacitor, Cload,
is charged and discharged once with the rod moving from one end-stop to
the other and Figure 4.20 shows the output plot of the pulse generator in
one operating cycle. As shown in the Figure, the amplitude of the pulse in
each operating cycle is 39.2 V. As the energy is stored in Cload, the amount
of extracted energy in each operating cycle is 36 µJ.
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Figure 4.20: Output measurement of the pulse generator with a 1 MΩ load.
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The pulse generator manages to realise synchronous-switching by use
of diodes as electrical switches and the rod-electrode pairs as mechanical
switches. This process makes it available to generate piezoelectric energy
from ambient vibration and store it at the same time. However, according
to Figure 4.18, the peak value of the open circuit voltage is more than 48 V,
whereas the amplitude of the pulse in each cycle reduces to 39.2 V. This
charge penalty is caused by the charge sharing mechanism between two ca-
pacitors. Since the charge sharing requires D1 to be forward biased, most of
the energy is extracted and stored during the deflection and the beginning
of the vibration. This means part of the energy generated from vibration is
inevitably wasted. In addition, the threshold voltage of the two diodes can
cause energy loss as well. Although energy up to 36 µJ can be extracted
by this prototype in each operating cycle, it is still worth exploring new ap-
proaches to improve the energy extraction rate, for further miniaturization
of the device.
4.3 Pre-Biased Piezoelectric Pulse Generation
As described in the previous section, the charge penalty of the pulse gener-
ator is inevitable. However, the voltage amplitude during deflection is more
than twice the amplitude during the vibration. The charge sharing between
the piezoelectric beam and the load capacitor is assumed to occur only dur-
ing deflection and the first positive peak during vibration as indicated in
Figure 4.18. By considering this assumption, a pre-biasing approach can be
used to improve the energy extracted in each cycle by increasing the voltage
amplitude of the first negative peak during vibration as seen in Figure 4.18.
In order to examine the energy generation mechanism of the prototype and
compare the results between the unbiased case and the pre-biased case, an
analytical model is used to analyse the charge sharing process.
4.3.1 Relationship between the Tip Displacement and the
Open Circuit Voltage
The aim of the analytical model is to use mechanical performance of the
piezoelectric beam, ie. the tip displacement, to simulate the the electrical
performance of the beam when the load capacitor is connected as shown in
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Figure 4.21. By extracting the peak values in Figure 4.18, Figure 4.22 illus-
trates the relationship between the electrical and mechanical performance
of the beam without the load circuit connected.
Mechanical
Performance
Analytical
Model
Electrical
Performance
Input Data Output DataSimulation System
Figure 4.21: Architecture of the analytical model.
By applying linear regression to the experimental data, the relationship
between the tip displacement and the open circuit voltage can be described
as:
Vo = 22.45×D − 6.39 (4.7)
where Vo is the open circuit voltage, and D is the tip displacement.
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Figure 4.22: Relationship between the tip displacement and the open circuit
voltage of the piezoelectric beam.
Equation (4.7) shows that the open circuit voltage is proportional to the
tip displacement applied to the piezoelectric beam. However, the second
term on the right hand side indicates that when the beam is not deflected,
surface voltage still remains across the beam. As pointed out in the previous
section, this term is introduced by the charge leakage when the open circuit
voltage is measured, and therefore, this constant term is ignored in the
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analytical model.
4.3.2 Analytical Model and Verification
In order to simplify the analysis of the quasi-static performance of the piezo-
electric beam, two assumptions are made: 1. The influence of the charge
sharing on the mechanical performance of the beam can be ignored. 2. The
capacitance of the load capacitor is equal to the piezoelectric capacitance.
Under the assumptions, a discrete time model of the piezoelectric beam can
be built during charge sharing with the load circuit in Figure 4.16 connected,
and the model can be described as:
If neither D1 nor D2 is forward biased, the surface voltage on the piezo-
electric beam at time t is:
Vpiezo(t) = Vo(t)− Vo(t−∆t) + Vpiezo(t−∆t) (4.8)
where Vpiezo(t) is the voltage on the piezoelectric beam at time t, Vo(t) is
equal to 22.45×D(t) and ∆t is the time difference between two measurement
data.
If D1 is forward biased and D2 is reverse biased, which means half of the
piezoelectric charge will be extracted from the beam to Cload, the surface
voltage is:
Vpiezo(t) =
1
2
(Vo(t)− Vo(t−∆t)) + Vpiezo(t−∆t) (4.9)
If D2 is forward biased, the surface voltage is:
Vpiezo(t) = −Vth (4.10)
where Vth is the threshold voltage of the diode.
During the charge sharing process, Cload stays in two conditions. When
D1 is forward biased, charge is shared between the piezoelectric beam and
Cload, so the voltage on Cload at time t can be simulated as:
Vload(t) = Vpiezo(t)− Vth (4.11)
where Vload(t) is the voltage on Cload.
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When D1 is reverse biased, the voltage stays constant:
Vload(t) = Vload(t−∆t) (4.12)
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Figure 4.23: Simulation result of the piezoelectric model.
According to this analytical model, the input data is tip displacement
measured from the prototype, which represents the mechanical performance
of the piezoelectric beam. By using MATLAB to realise the model, Vpiezo
and Vload during charge sharing can be simulated, and the simulation results
are illustrated in Figure 4.23. Compared with Figure 4.20, the amplitude of
the pulse is 39.2 V, whereas in the simulation, the result is 42.2 V (41.8 µJ
in terms of energy), a difference of 7.6%, which we consider acceptable.
As shown in the figure, the piezoelectric charge is shared when the beam
is deflected, and at the first positive peak during vibration. This result
matching verifies the assumption made previously, and in this case, a passive
pre-bias method can be realised to improve the performance.
4.3.3 Passively Pre-Biased Piezoelectric Beam
Considering the particular mechanism of energy extraction, the pulse gen-
erator extracts and stores energy from deflection and the first positive vi-
bration of the beam, and the maximum amplitude of voltage on Cload is
limited by the peak amplitude of the voltage on the piezoelectric beam. In
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this case, if the polarity of the piezoelectric beam is reversed, the beam is
discharged through D2 in Figure 4.16 when it is deflected. This shifts the
local average value of the voltage to the maximum tip displacement, and
when the beam is freed and travels to the opposing maximum displacement,
a higher voltage can be reached on it. Therefore, the energy that can be
shared from the piezoelectric beam increases. Figure 4.24 illustrates the
simulation result of the pre-biased case using the simulation model.
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Figure 4.24: Simulation result of the pre-biased pulse generation.
By reversing the polarity of the beam, the input data is −1×Vo(t), where
Vo(t) is the measured open circuit voltage used in the unbiased case. As
shown in Figure 4.24, most of the energy is extracted and stored to Cload
from the first vibration peak, as expected. According to the simulation
result, the voltage on Cload is 47.2 V in each operating cycle, and the energy
per cycle is 52.4 µJ. Compared to the simulated result in the unbiased case,
energy performance shows an enhancement of 25%, indicating that the pre-
biasing approach can improve the performance.
Figure 4.25 presents the measurement result of the pre-biased case with a
1 MΩ load. As illustrated, the amplitude of the pulse is 46.0 V. Compared
with the simulated result, the difference is 2.6%, which shows a good match
between the two results. The energy extracted per cycle in this case is
49.7 µJ, and therefore the experimental improvement is 38%.
By comparing the simulated and experimental results in both unbiased
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Figure 4.25: Measurement result of the pre-biased pulse generation.
and pre-biased cases, the simulation model can evaluate the output voltage
of the pulse generator precisely. By taking advantage of the simulation
model, the process during charge sharing can be evaluated and predicted,
and the operating mechanism of the pre-biased piezoelectric generator can
be described in detail.
4.4 Miniature Rolling Ball Pulse Generator
A miniature prototype is introduced in this section to further demonstrate
the function of the proposed pulse generator. A metallic rolling ball is used
to replace the rolling rod, providing a smooth movement through the track
when excited by ambient motion. A dynamic analysis is conducted on this
device to illustrate the influence of the motions on the performance of the
device.
4.4.1 Open Circuit Measurement and Dynamic Analysis
The structure of the rolling ball prototype is presented in Figure 4.26 and
Figure 4.27. The substrate of the device is made of micro-slides. A piezo-
electric cantilever is allocated under the substrate, and two magnets, M1
and M2, are attached to the free end of the beam for suitable magnetic
strength. A steel rolling ball, which is mounted in the V-groove track of
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the substrate, is used as an external proof mass and excited by the motion
source. In addition, the metallic rolling ball forms magnetic coupling to-
gether with the tip magnets on the piezoelectric beam when it rolls along
the track. The electrodes, E1 and E2, are used as a self-synchronized switch,
when the prototype is connected to the intermediate load in Figure 4.16.
Figure 4.26: Structure of the rolling ball prototype.
Figure 4.27: Section view of the rolling ball prototype.
A centimetre scale pulse generator was built for experimental verification
as shown in Figure 4.28. A piezoelectric cantilever from Johnson Matthey
is mounted under the substrate. The free length of the cantilever is 38 mm,
which is the main factor to restrict the dimension of the device (75 mm ×
27 mm × 25 mm). Two magnets (N45 neodymium) are chosen as the tip
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magnet for magnetic coupling and the dimensions are 5 mm × 1.5 mm ×
1 mm for M1 and 5 mm × 4 mm × 1.5 mm for M2 as shown in Figure
4.27. The capacitance of the piezoelectric beam is ∼10 nF for each of the
piezoelectric layers and one layer is used in this prototype. The capacitance
of the load capacitor is 10 nF to match the piezoelectric capacitance, and
the two diodes, D1 and D2, are both BAS45A low-leakage diodes. The
electrodes, E1 and E2, are made of copper tapes and attached through the
V-groove track. The proof mass of the prototype is a 5 mm diameter steel
ball, whose mass is ∼0.5 g.
Figure 4.28: Experimental set-up of the rolling ball prototype.
Figure 4.29 shows the experimental result from the electromechanical
prototype. As can be seen from the plot, instead of a complicated output
during deflection, initially a single positive pulse is generated, when the
beam is deflected. due to a solid end-stop for the piezoelectric beam. The
rest of the resonant waveform is from the vibration of the beam.
The pieozelectric pulse generator is mounted on a linear sliding plate,
which is controlled by a servo drive from Kollmorgen to analyse its dynamic
performance with a controlled motion source (The author would like to
thank Dr. Pit Pillatsch for building the sliding system.).
In order to achieve the function described above, the magnetic coupling
must be high enough to deflect the piezoelectric beam, and the acceleration
of the external motion must be sufficient to release the ball from the magnet.
Figure 4.30 illustrates the minimum acceleration required for the external
motion in different situations.
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Figure 4.29: Open circuit measurement.
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Figure 4.30: Dynamic analysis excited by the slider: minimum external ac-
celeration required to release the steel ball from the magnets.
In Figure 4.30 (a), a 5 mm diameter steel ball (∼0.5 g) is used, and the
gap between the magnet and the steel ball is defined as the distance between
the bottom of the ball and the top surface of magnet M1 in Figure 4.27 when
the beam is deflected. As can be seen from the figure, by increasing the gap,
the external acceleration needed is decreased. However, the trade-off is that
the reduction of the gap results in a smaller beam deflection, which reduces
the energy generated from the beam. In Figure 4.30 (b), balls with different
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weight are used to analyse the impact of the motion on the prototype when
the gap is fixed at 1.9 mm. The minimum acceleration required for external
motion is decreased with the increasing proof mass and the product of these
two factors is nearly constant, which shows that when the magnetic force
keeps constant due to a fixed gap, it is easier for a ball with larger mass to
escape the magnetic force.
4.4.2 Comparison between Unbiased and Pre-Biased Cases
The numerical analysis is also applied to this prototype using the same
method in last section and the simulation results are plotted in Figure 4.31
and 4.32. In the unbiased case, the load capacitor extracts energy during
the initial deflection of the beam and the first two positive vibrations, and
the final amplitude of the voltage on Cload is 5.3 V. The pre-biased case
shows that most of the charge is extracted from the first positive peak to
Cload, when the beam starts to vibrate, and according to the analytic result,
the voltage on Cload is 7.2 V.
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Figure 4.31: Analytical result: unbiased case.
By comparing the simulated results between the unbiased and pre-biased
cases, the output voltage is increased by 36%, which further demonstrates
the pre-biased case can dramatically improve the performance of the pulse
generator.
Figure 4.33 shows the output voltages across a load resistor of 50 Ω in the
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Figure 4.32: Analytical result: pre-biased case.
0 5 10
0
1
2
3
4
5
6
7
5.2V
Time [µs]
U
nb
ia
se
d 
O
ut
pu
t V
ol
ta
ge
 [V
]
0 5 10
0
1
2
3
4
5
6
7
6.9V
Time [µs]
P
re
-b
ia
se
d 
O
ut
pu
t V
ol
ta
ge
 [V
]
Figure 4.33: Output voltages measured in the unbiased and pre-biased cases.
unbiased and pre-biased cases respectively. As shown in the plots, the load
capacitor manages to extract the piezoelectric energy and store it for the
next stage load circuit. The plots also demonstrate that the ball-electrodes
switch can be used as self-synchronous switching for connection and dis-
connection between the pulse generator and the load when the device is
operating. In addition, the output voltages are regulated to pulses via the
intermediate circuit instead of resonant waveforms in Figure 4.33.
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As presented in Figure 4.33, the amplitude of the pulse is 5.2 V in the
unbiased case and 6.9 V in the pre-biased case, and the voltage is increased
by 33%, which also indicates the validity of the simulation result.
According to the measurements, the unbiased energy exacted per cycle is
135 nJ, and the pre-biased energy per cycle is 238 nJ. This demonstrates
that by using the pre-biasing method in this rolling ball prototype , the
energy extracted per pulse is increased by 76%. This pulse generator can
achieve its function as well as the large-scale one by combining physical
contacts as a mechanical switch and diodes as an electric switch. But it is
worth pointing out that the physical contacts made by the steel ball and
the copper tapes may inject noise to the output of the pulse generator due
to the dynamic contact resistance when the ball is travelling. In addition,
the deformation of the piezoelectric beam may result in slight change of
the piezoelectric capacitance, which may also influence the charge sharing
process between the load capacitor and the piezoelectric capacitor.
4.5 Conclusions
By simulating the equivalent circuit of the piezoelectric beam, a concept of
piezoelectric pulse generation is proposed in this chapter. Two prototypes
were built based on this mechanism and experiment results demonstrate the
feasibility of this proposed piezoelectric pulse generator.
The numerical approach introduced above helps to analyse the perfor-
mance and predict the output of the device when the open circuit voltage
is measured. In addition, improvement can be proved both in the analyti-
cal results and the experimental results when the pre-biasing mechanism is
used, and it turns out that energy can be increased by 38% in the rolling
rod generator and 76% in the rolling ball generator.
The dynamic analysis conducted on the rolling ball pulse generator shows
the factors that may affect the function of the device, and a trade-off is
explained considering the gap, the proof mass and the magnetic coupling.
The proposed pulse generator has been successfully built, and the out-
put results are as expected. In the next chapter, the load circuit of the
piezoelectric pulse generator will be introduced in detail.
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5 Load Circuit with Impulse
Power Supply: Signal Amplifier
and FM Transmitter
The proposed concept of pulse generation is demonstrated in Chapter 4
and electrical pulses can be generated using energy extracted from ambient
motions. This chapter is focused on the load circuit design for the motion-
powered piezoelectric pulse generator such that the pulse generator can be
used as a power source for electronic devices.
In all modern electronics, transistors play an important role in both ana-
logue and digital applications, such as signal processing and wireless sens-
ing [110–113]. Traditionally, the transistor, including the field-effect tran-
sistor (such as the MOSFET) and the bipolar junction transistor (BJT), is
used either for electrical switching or for signal amplifying, and is always
powered with one or multiple DC power supplies. Since the piezoelectric
pulse generator is the only power supply in the proposed platform, the ma-
jor issue is the feasibility of the replacement of the DC power source with
the impulse power source.
In this chapter, detailed simulation results are illustrated to compare the
performance of the MOSFET amplifier circuit between the cases with the
DC power supply and with the impulse power supply. Amplitude modula-
tion (AM) based transmitters are simulated. In addition, frequency modu-
lation (FM) based transmitters are also designed and tested for the piezo-
electric pulse generator.
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5.1 MOSFET Amplifier
Amplifier circuits are essential in analogue circuit systems [114]. The con-
ventional architecture of the amplifier system is shown in Figure 5.1.
DC Voltage 
Source
Original
Signal Amplifier
Output
Signal
Figure 5.1: Architecture of the amplifier circuit system.
As illustrated in the block diagram, the DC voltage source is connected
to the amplifier as its power supply. The amplifier is basically a transistor-
based circuit, and the original signal can be a voltage signal either from a
passive/active sensor or from an active system of previous stage. However,
considering the particular case that only an impulse power supply is avail-
able for the system, the proposed architecture for the pulse generator can
only amplify signals from a passive sensor such as a pH sensor for pH mea-
surement or a thermocouple for temperature measurement. Furthermore,
the DC voltage source needs to be replaced by the impulse voltage from
the pulse generator and in this case, the amplification system is expected
to sample and amplify the original signal simultaneously.
Gate (G)
Drain (D)
Source (S)
Figure 5.2: Schematic symbol of an N-MOSFET.
Figure 5.2 is the schematic symbol of an N-MOSFET, which is the es-
sential component for a MOSFET-based amplifier. In order to build an
amplifier using a MOSFET, the MOSFET must work in the saturation re-
105
gion:
VGS > Vth
VDS ≥ VGS − Vth (5.1)
where Vth is the threshold voltage, VGS is the gate-to-source voltage, and
VDS is the drain-to-source voltage.
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Figure 5.3: Transfer characteristics of 2N7000 in LTspice.
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Figure 5.4: Output characteristics of 2N7000 in LTspice.
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The type of the transistor used for the amplifier is 2N7000, a commonly
used N-MOSFET suitable for signal amplification. The transfer charac-
teristics and the output characteristics of this transistor are simulated in
LTspice, which are shown in Figures 5.3 and 5.4 respectively.
According to the transfer characteristics of the MOSFET, the threshold
voltage of the transistor is around 2.2 V, and assuming the amplitude of
the pulse is 7 V, which matches the pre-biased case of the rolling ball pulse
generator in Chapter 4, the bias voltage of the gate is chosen to be 3.5 V.
This requires VDS to be greater than 1.3 V, and therefore, the working point
is set at VGS = 3.5 V, VDS = 3 V, as shown in Figure 5.4.
5.1.1 Common-Source Amplifier
Considering the situation that a single power supply is available for the load
circuit, a basic common-source topology is chosen to amplify the voltage of
the original signal. Figure 5.5 shows the schematic of the amplifier.
T1
Vdd
Vin
RdR1
R2
Cin
V
i
Vi
Vo
.tran 0 10m 5m 0.1m
.include 2N7000.txt
Figure 5.5: Schematic of the common-source amplifier.
As shown in the circuit, the voltage source Vdd is the DC power supply.
Vin is the original signal and is set as a sine wave signal of 0.1 V at 1 kHz
in the simulation. The two resistors, R1 and R2, are used to provide a
bias voltage for the gate of the MOSFET, T1. Cin is the coupling capacitor
between the input signal and the amplifier, which blocks the DC signal from
the input. Rd, is the resistor connected to the drain of the MOSFET, and
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the gain of the amplifier is:
Av = −gm ·Rd (5.2)
where Av is the gain, and gm is the transconductance of the MOSFET. The
parameters of each component are listed in Table 5.1.
Table 5.1: Parameters of the common-source amplifier
Component value
R1 10 kΩ
R2 10 kΩ
Rd 60 Ω
Cin 1 mF
T1 2N7000
Vdd 7 V
The simulation results of the circuit are illustrated in Figure 5.6.
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Figure 5.6: Simulation results of the common-source amplifier.
Comparing the input and output signals, the simulation shows fair linear-
ity for small signal amplification, and the gain of the system, as presented
in the figure, is around −6. This simulation provides the basic approach to
amplify an small analogue signal. However, when the DC voltage source is
replaced by an impulse voltage source, this single transistor amplifier cannot
work properly for impulse amplification.
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Figure 5.7: Schematic of the common-source amplifier with impulse power
supply.
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Figure 5.8: Simulation results of the common-source amplifier with impulse
power supply.
Figure 5.7 illustrates the replacement of the DC voltage source. The
piezoelectric beam is represented by an impulse voltage source Vpzt for sim-
plicity. Diode D1 controls the connection and disconnection between Vpzt
and the 10 nF load capacitor, CL. The switch, SW , closes when CL is
charged and ready to provide a 7 V pulse for the amplifier circuit. In addi-
tion, R1 and R2 in Figure 5.5 are both paralleled with a capacitor, which
intends to increase the speed of building the bias voltage for the gates of
the MOSFETs. It is worth pointing out that the two capacitors need to be
identical for a 3.5 V bias voltage but the values do not affect the perfor-
mance much, as long as they are much smaller than CL. This will prevent
a considerable voltage drop on CL when SW is closed, and here they are
both set at 12 pF. In addition, a 1 kΩ load resistor, Ro, is connected to the
output of the amplifier.
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As shown in the simulated results, the impulse output fails to carry the
sine wave information from the input signal. This is because by replacing
the DC voltage source, difficulty occurs to supply the bias voltage to the
gate of the MOSFET in the case that a single common-source amplifier is
used.
5.1.2 Mirrored MOSFET Amplifier
To solve the problem when impulse voltage source is applied, a mirror of
the identical amplifier is added to eliminate the ground port of the input
signal as shown in Figure 5.9 and the simulated results are in 5.10.
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Figure 5.9: Schematic of the mirrored common-source amplifier.
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Figure 5.10: Simulation results of the mirrored common-source amplifier.
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The results still show that the input signal is amplified, and the gain
remains at −6. By adding a mirror of the common-source amplifier, the
new circuit is feasible to be powered by an impulse voltage source. In
addition, apart from the replacement of the DC power supply with impulse
power supply identical to the one in Figure 5.7, the four reistors, R1, R2,
R′1, and R′2, in Figure 5.9 are all paralleled with a 12 nF capacitor, and a
1 kΩ load resistor is connected between the output ports of the amplifier.
By implementing the impulse voltage source, the original signal is expected
to be amplified and sampled at the same time. Figure 5.11 presents the
simulation results from the impulse amplifier.
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Figure 5.11: Simulation results of the mirrored common-source amplifier
with impulse power supply.
As shown in the plots, instead of a sine wave output signal, a series of
output pulses are generated, and the envelope of the pulses is a form of
sine wave, which indicates that the circuit works both as an amplifier and
a sampling circuit. However, according to the results, the absolute value of
the gain is reduced to ∼3.5. This reduction in the amplification is related to
the charge consumption of the resistors for the bias voltage of the MOSFET
and also the response time of the transistor, since the voltage across the load
capacitor is not constant.
This impulse prototype requires that the pulse generation cycle must be
greater than the pulse width to avoid signal overlapping. Since the input
signal is sampled, it is important to make sure that the change speed of
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Figure 5.12: 3 output pulses of the mirrored common-source amplifier with
impulse power supply.
the input signal is sufficiently slow so that the sampled output still carries
the expected information, which depends on the user’s requirement on the
information accuracy. For instance, Figure 5.12 illustrates 3 spikes of the
simulated results in Figure 5.11. The pulse width is ∼6 µs, which is the
minimum value of the pulse generation cycle. Since the pulse generation
cycle is set at 0.1 ms and the input signal is 1 kHz in this simulation circuit,
10 samples can be achieved for each cycle of the input signal.
The simulations in this section provides a general concept of implement-
ing the pulse generator in signal processing, and the results indicates that
although performance penalties may occur, the pulse generator can be used
as a reliable power supply for electronic devices.
5.2 Oscillator and AM Based Transmitter
Section 5.1 presents a circuit functioning as an impulse amplifier by apply-
ing the pulse generator as its power supply. Since the circuit can sample
and encode the amplitude of the original signal at the same time, it is pos-
sible to convert the output pulses to a series of radio signals for wireless
transmission. In order to achieve this goal, electronic oscillators are needed
to build the transmitter.
The basic electronic oscillators can be built with components such as
series or parallel LC circuits [115]. Figure 5.13 is the schematic of a damped
parallel LCR oscillator.
When some initial energy (capacitor charge or inductor current) is ap-
plied to the circuit, the circuit will generate exponentially decayed resonant
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Figure 5.13: Schematic of an LCR resonator.
output and the resonant frequency can be expressed as:
f =
1
2pi
√
LC
(5.3)
where L and C are the inductance and the capacitance respectively.
In Figure 5.13, L1 = 50 nH, C1 = 10 nF and R1 = 100 Ω. The voltage
Vdd provides an initial charge to C1 and the output voltage of the circuit
(∼ 7.1 MHz) is illustrated in Figure 5.14 when the switch is closed.
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Figure 5.14: Output voltage of the LCR oscillator.
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By applying the LC oscillator to the impulse amplifier as shown in Figure
5.15, an amplitude modulation (AM) based transmitter is built. In this
circuit the load inductor Lo and the load capacitor Co are set to be 50 nH
and 10 nF respectively to make the oscillation frequency in the range of radio
freauency (RF). The output signal, whose resonant frequency is ∼ 7.1 MHz,
is presented in Figure 5.16 for 3 ms.
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Figure 5.15: Schematic of the AM based transmitter.
As can be observed from the plots in Figure 5.16, the envelope of the
output signal in multiple impulse cycles carries the sine wave signal from Vin,
and each time when Vpzt provides an impulse energy, the circuit generates a
series of resonant output instead of a spike due to the LC oscillation, which
is illustrated in Figure 5.17. The simulation results demonstrate that the
peak amplitude of the resonant output can encodes the amplitude of the
original signal from Vin, and this resonant signal can be transmitted to a
receiver, when the inductor, Lo, is built by a loop antenna.
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Figure 5.16: Simulation result of the AM based transmitter.
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Figure 5.17: Simulation result of the AM based transmitter for one impulse
cycle.
5.3 FM Based Transmitter
Unlike a DC power source, such as a battery, the pulse generator can only
supply impulse power to the load circuit. Since the pulse generator manages
to generate a fixed amount of energy in each operating cycle, and can power
a amplifier circuit as shown in the last section, it is possible to apply this
pulse generator to a wireless sensing device.
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In terms of implementing the pulse generator in a feasible wireless sen-
sor network (WSN) node, some drawbacks of the AM based circuit must
be pointed out. The signal quality of the AM based transmission is sus-
ceptible to noise from the environment, which affects the amplitude of the
transmitted signal and is difficult for the receiver to filter out. Moreover,
different transmission distances and environments lead to power variation
of the received signal, which requires a reference signal for the receiver to
determine the result. In addition, if the discrete output signal is used for
wireless transmission, more mechanical switching may be needed to control
the sequence of an LC tank circuit, which makes the device overly complex
to design. Considering all the factors for a WSN node, a transmitter using
frequency modulation is designed for the pulse generator.
5.3.1 Common Base Colpitts Oscillator
The FM based transmitter load was designed based on the common base
Colpitts oscillator described in [116] and [117].
R C2
L
BJT C1
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Cb
Vdd
GND
Figure 5.18: Schematic of the common base Colpitts oscillator.
Figure 5.18 shows the schematic of the common base Colpitts oscillator.
As shown in the figure, R1 and R2 are the resistors to provide the bias volt-
age for the base of the the bipolar transistor (BJT). Inductor L represents
the antenna for the transmitter, and forms an LC tank with the two capac-
itors, C1 and C2. The npn type BJT is a high frequency bipolar transistor
and the resistor, R, is used to control the power consumption.
Despite set R1, R2 and R to satisfy that the BJT works at the active
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region (base-emmitter junction is forward biased and base-collector junction
is reverse biased), L, C1 and C2 are required to be chosen so that the
oscillator can work, which can be decided by the AC analysis.
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Figure 5.19: Schematic for AC analysis: (a) AC equivalent circuit; (b) Small
signal model.
Figure 5.19 shows the schematic for AC analysis. The feedback of the
circuit is:
F =
vf
vo
=
C1
C1 + C2
. (5.4)
The gain of the circuit is:
Avo =
vo
vi
=
gmviR
′
l
vi
= gmR′l (5.5)
where R′l is
Ri
F 2
, and Ri is:
Ri = R//re ≈ re ≈ 1
gm
. (5.6)
Considering equations 5.4, 5.5 and 5.6, the loop gain of the circuit is:
Gloop = AvoF ≈ 1
F
= 1 +
C2
C1
. (5.7)
In order to start oscillating, the circuit requires a loop gain greater than
1 and in practice, C2C1 is equal to or greater than 1 (e.g. 4 in [116]). After
the ratio of C1 and C2 is chosen, the resonant frequency of the Colpitts
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oscillator can be decided by:
f =
1
2pi
√
LCeq
(5.8)
where Ceq is
C1C2
C1+C2
.
This subsection gives a basic view of the common base Colpitts oscillator
and the general method to choose the components. In the next subsection
a pulse stimulated Colpitts oscillator is designed, which can be used as the
load of the pulse generator.
5.3.2 Pulse Stimulated Colpitts Oscillator
Slight modification has been made based on the Colpitts oscillator described
above so that the circuit can be pulse stimulated.
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Figure 5.20: Schematic of the pulse stimulated oscillator.
Figure 5.20 presents the schematic of the oscillation circuit. The piezo-
electric pulse generator is replaced with a DC power source VPIEZO to sim-
plify the testing. The switch, SW1, is applied to control the connection and
disconnection between the DC power source and its load. Instead of a single
load capacitor in the pulse generator, this circuit requires two capacitors,
Cload1 and Cload2, in series, which are used not only as the impulse power
supply but also to replace the two resistors in Figure 5.18 for bias voltage
supply. Switch SW2 represents the ball-electrodes mechanical switch in the
pulse generator. The right-hand side of the circuit in Figure 5.20 is the
oscillator.
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Figure 5.21: Testing set-up of the Colpitts oscillator.
The testing circuit set-up is illustrated in Figure 5.21. In this circuit, a
loop antenna, which is made of a 1.5 mm diameter copper wire, is used, and
the diameter of the antenna is 30 mm. The inductance of a loop wire can
be estimated as [118]:
L ≈ µoµr dLoop
2
[ln(
8dLoop
d
)− 2] (5.9)
where L is the inductance of the loop antenna, µo is the permeability of
free space, which is 4pi × 10−7 N/A2, µr is the relative permeability of
the medium, which is approximately 1 for copper, dLoop is the diameter of
the loop, and d is the diameter of the wire. The inductance of the loop
antenna can thus be estimated as 58 nH. A coin cell battery of 3 V is used
to represent the energy from the piezoelectric beam and two push button
switches are used to control the circuit as shown in Figures 5.20 and 5.21.
In this circuit, the mechanical switch, SW2, is connected between the two
load capacitors, which leaves Cload1 directly connected to the transmitter.
This change does not cause the load capacitors to discharge before SW2 is
closed, because the bipolar transistor is off without the bias voltage at the
base, and in this case, the collector stops current flowing to the emitter.
The parameters of the components on the testing board is listed in Table
5.2.
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Table 5.2: Parameters of tested Colpitts oscillator
Component Part Number/value
VPIEZO 3 V
Cload1 22 nF
Cload2 22 nF
L 58 nH
R 1 kΩ
C1 1 pF
C2 1 pF
BJT BFR35AP
In the test, a loop antenna of the same size as the one for the transmitter
is used to receive the transmitted signal, and is directly connected to an
oscilloscope for measurement. For each of the operating cycles, SW1 is
closed first to allow the two load capacitors to be charged by the battery.
After the charge, SW1 turns off and SW2 is closed to provide the bias voltage
to the base of the BJT. In this case, the BJT starts to operate, which is
powered by the two load capacitors. After the energy stored in Cload1 and
Cload2 cannot provide the bias voltage, the circuit stops working.
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Figure 5.22: Transient measurement of the received signal for one operating
cycle. The transmission distance is ∼ 5 cm.
Figure 5.22 shows the received signal in one operating cycle. The received
signal shows a continuous decrease in voltage. This happens since the power
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is from the discharge of the two load capacitors, and the voltage across the
oscillator decreases with the discharge. The time constant of the prototype
is:
τ = R(
Cload1Cload2
Cload1 + Cload2
) (5.10)
where R is 1 kΩ, and Cload1 and Cload2 are both 22 nF according to Table
5.2. Therefore the theoretical time constant of the circuit is 11 µs, whereas
the measured time constant is approximately 13 µs in Figure 5.22 using
curve fitting, which is very close.
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Figure 5.23: Frequency analysis of the transmitted signal.
A frequency analysis of the transmitted signal is presented in Figure 5.23.
Due to the continuous discharge of the load capacitors, the voltage across the
bipolar transistor decreases. In this case, the capacitance of the transistor is
changed and so does the resonant frequency of the oscillator, which causes
the frequency of the signal shift from 270 MHz to 250 MHz. The plot shows
an asymmetric frequency spectrum, and the received amplitude decays with
the decrease of frequency, which is because with lower voltage applied to
the oscillator, the resonant frequency of the circuit decreases accordingly.
The experimental result demonstrates that the oscillator can be discretely
powered by the energy stored in capacitors. However, the drawback of the
design is the changes of the signal amplitude and frequency. In order to
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detect a signal from a sensor, such as the pH sensor in [119], a sensor in-
put must be installed to the circuit. As has been discussed, the AM based
transmission is susceptible to the noise from the environment, which makes
it difficult for the receiver to filter out the signal, and requires references to
calibrate the signal during demodulation. There are many other modula-
tion techniques for wireless sensing, such as phase-shift keying, frequency-
shift keying and quadrature amplitude modulation [120], but these digital
modulation techniques requires more complicated architecture, which is not
suitable for the case that only one impulse power is provided. Therefore,
with the given pulse generator as the only power source, an approach using
frequency modulation is considered most suitable.
5.3.3 FM Based Colpitts Oscillator
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Figure 5.24: Schematic of the FM transmitter for the piezoelectric
generator.
In order to implement a frequency modulation approach to the transmit-
ter, a varactor is connected between the transmitter and the output of the
sensor to form a voltage controlled oscillator as shown in Figure 5.24. Each
time after the load capacitors are charged and SW2 is closed, a signal is
transmitted, with frequency range decided by the LC tank and the voltage
from the sensor. In the simulation, the discharge time of the load capaci-
tors is set at 10 µs for a clearer demonstration. It is necessary to point out
that setting the discharge time is not required for the real transmitter, be-
cause different frequency ranges can be detected even if there is overlapping
between them.
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In this design, the minimum step of the sensor voltage is set at 0.1 V.
Since the entire discharge time is very short according to Figure 5.22, the
output of the sensor can be assumed constant in each operating cycle. This
assumption defines the operating principle of the FM transmitter: in each
operating cycle, the device transmitted the instant signal to the receiver, and
if the frequency range of the received signal changes in one cycle, it indicates
the sensing condition changes, and can be detected by the receiver. Table
5.3 gives the parameters of the FM transmitter design and Figure 5.25 is
the transient analysis of the FM transmitter.
Table 5.3: Parameters of the FM transmitter circuit
Component Part Number/value
VPIEZO 6 V
Cload1 30 nF
Cload2 15 nF
L 100 nH
Rs 1.36 Ω
BJT MMBR931
R 10 kΩ
C1 1 pF
C2 12 pF
Varactor BBY52-02w
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Figure 5.25: Transient analysis of the FM transmitter by OrCAD (VSensor =
0.1 V).
When the switch, SW2, is closed, the LC tank oscillates at the frequency
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decided by the sensor voltage for 10 µs in each operating cycle. The fre-
quency analysis of the current through the antenna, L, is illustrated in
Figure 5.26 with sensor voltage trimmable from −0.2 V to 0.2 V.
As can be seen from the analysis result, the operating frequency of the
FM transmitter varies between 306 MHz and 312 MHz. The result provides
good linearity between the operating frequency and the sensor voltage. This
proves that the operating frequency of the FM transmitter can be linearly
controlled by the change of the sensor voltage, and the signal from the sensor
can be modulated in the frequency domain by the transmitter.
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Figure 5.26: Frequency analysis of the transmitter by OrCAD: with VSensor
increases from −0.2 V to 0.2 V (0.1 V steps), the resonant
frequency decreases.
5.4 Conclusions
In this chapter load circuits were designed for the piezoelectric pulse genera-
tor to demonstrate the feasibility for a motion-powered WSN node platform.
Both an amplifier circuit and a Colpitts FM transmitter were introduced,
and the FM transmitter can be powered by pulses for signal modulation in
the frequency domain and wireless transmission at the same time.
The simulation results prove that the signal from a sensor can be encoded
either with amplitude modulation or frequency modulation when different
load circuits are used. The experimental result form the impulse Colpitts
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oscillator shows promising performance as the energy from the load capac-
itors can be successfully transmitted to the receiver. This device could be
adapted to any miniature passive sensor having a voltage output in a suit-
able range, such as the pH sensor in [119], thermopiles, piezoelectric strain
sensors, and others.
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6 Rotational Piezoelectric FM
Wireless Sensing System for
Non-Harmonic Motion
This chapter reports the wireless sensing platform based on the piezoelectric
pulse generators and the impulse-powered FM transmitters in Chapters 4
and 5. This sensing platform achieves the proposed functions: it is com-
pletely powered by inertial motions and the system can operate in response
to its moving proof mass with self-synchronous switching implemented. In
addition, this fully functional motion-powered piezoelectric platform realizes
instantaneous wireless monitoring of signals from a passive sensor.
In this chapter, the operating mechanism of the presented system is de-
scribed in detail. Measurement results are demonstrated and the perfor-
mance of the device is evaluated.
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6.1 Architecture of the Wireless Sensing System
As has been introduced in Chapters 1 and 2, machine motions, in many
cases, are periodic with a limited range of amplitudes and frequencies,
whereas body motions are typically non-harmonic with a wide range of am-
plitudes [8]. In this case, an energy harvester/self-powered WSN using an
external proof mass without a sprung suspension is more suitable to obtain
energy from body motions [67, 121]. The piezoelectric pulse generators de-
scribed in Chapter 4 use either a rolling rod or a rolling ball as the external
proof mass and have demonstrated excellent performance of radio pulses
generation. In addition to energy harvesting, a rolling rod self-powered
electrostatic WSN node was designed in our group, which can operate at a
random low frequency [69]. However, as discussed in Chapter 2, the power
density of this design is restricted by the low variable capacitance achievable
with the electrostatic transduction.
By combining the piezoelectric pulse generation technique and the impulse-
powered circuit together, the wireless sensor platform presented here can
achieve the functions in [69] while generating higher energy in each operat-
ing cycle. In addition, a pendulum proof mass is used to replace the rolling
ball proof mass, which allows the device to be powered not only by linear
motions but by rotational motions as well. This structure is similar to the
previous work by Pillatsch et al. in our group [65], but it is important to
notice that the beam deflection path of the previous work is parallel to the
rotating plane of the pendulum whereas the deflection path of the pulse
generator here is required to be perpendicular to the rotating plane. This
is because that the wireless sensing system requires identical power ampli-
tudes for each operating cycle and therefore the perpendicular arrangement
can ensure that the piezoelectric beam is always deflected in one direction
regardless of the rotating direction of the pendulum.
The device consists of two main parts and Figure 6.1 illustrates the ar-
chitecture: the electromechanical module and the circuit module. The elec-
tromechanical module extracts the inertial energy from its rotating proof
mass, and converts and stores it as electrical energy to power the circuit
module. The circuit module is an FM based load transmitter for instan-
taneous RF transmission of a sensor signal, which can be detected by a
receiver.
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Figure 6.1: Architecture of the motion-powered wireless sensing platform.
6.2 Structure of the System
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Figure 6.2: Structure of the piezoelectric wireless sensing platform.
The structure of the wireless platform and its exploded view are presented
in Figures 6.2 and 6.3 respectively. A piezoelectric cantilevered beam is
mounted on one side of the device, and a circuit board is mounted on the
other side. A pendulum proof mass is suspended between the two frames of
the platform, which can be excited to rotate by ambient motion.
Three magnets are applied to this design, as can be seen from the struc-
ture. The tip magnet is attached to the free end of the piezoelectric beam,
and the magnet M1 is attached to the proof mass on the mechanical side.
These two magnets are used together to actuate the piezoelectric beam for
piezoelectric energy generation. The third magnet, M2, is also attached
to the proof mass but on the circuit side, which controls the synchronous
switching of the platform together with the switches shown in the figure.
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Piezoelectric Beam
Tip Magnet
Magnet M1
Proof Mass
Switch SW2-L
Switch SW1-L
Magnet M2
Switch SW2-R
Switch SW1-R
Figure 6.3: Exploded view of the piezoelectric wireless sensing platform.
6.3 Operating Principle
In order to realize the proposed function, the two modules described above
are required to operate in sequence. In this section, the operating principle
is described in detail by dividing the system into the two main parts.
6.3.1 Electromechanical Module
The electromechanical module, whose schematic is shown in Figure 6.4, is
the power supply of the system. The component PIEZO represents the
piezoelectric beam. The two diodes, D1 and D2, are used as electrical
switches to control the connection and disconnection between the piezoelec-
tric beam and the storage capacitor, CL. The four switches, SW , are the
reed switches, controlled by the magnet, M2, on the proof mass.
The operating principle of the module is described in Figure 6.5, which
takes the anti-clockwise swing cycle as an example. For each operating
cycle, 3 phases are included in sequence: 1. energy generation, 2. wireless
sensing, and 3. reset.
The energy generation phase starts when magnet M1 on the proof mass
approaches the piezoelectric beam making the beam deflect via the magnetic
coupling between M1 and the tip magnet, and a negative charge is generated
by the piezoelectric beam, which is dissipated by diode D2 directly as shown
in Figure 6.5(a). The piezoelectric beam is pre-biased by D2 during its
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PIEZO
D1
D2 CL
SW1-R
SW2-R
SW2-L
SW1-L
GND
Power (out)
Figure 6.4: Schematic of the electromechanical module.
deflection [122] and when M1 moves away from the tip magnet, the beam
starts vibrating. During the vibration, each time the surface charge on the
beam is positive and high enough to forward-bias diode D1, the generated
charge is shared and stored to the load capacitor, CL, and when the beam
stops vibrating, D1 will stay reverse biased, which isolates CL from the
piezoelectric beam. In this case, a fixed amount of energy is extracted from
the piezoelectric beam and stored in CL, which can be used to power a load
circuit.
SW2-R
SW1-R
Piezoelectric Beam
Tip Magnet
M1(2)
SW1-L
SW2-L
(a)                                  (b)                                (c)
Figure 6.5: Operating principle of the power supply part (anti-clockwise cy-
cle). (a) Phase 1: M1 actuates the piezoelectric beam. (b) Phase
2: M2 closes SW1 on the right hand side. (c) Phase 3: M2 closes
SW2 on the right hand side.
The energy generation phase described above will finish while the magnets
on the pendulum are moving to SW1−R, as indicated between Figure 6.5(a)
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and Figure 6.5(b). Phase 2, which is the main function phase, is when M2
is close enough to SW1−R in Figure 6.5(b), the magnetic field of M2 closes
SW1−R so that the energy stored in CL can be supplied to its load circuit
from the port, Power(out).
After powering the load circuit, the two magnets continue moving with
the rotating pendulum and approach SW2−R as shown in Figure 6.5(c),
and the closure of SW2−R dissipates the remained energy in CL and the
piezoelectric beam, if any, to empty them to their initial states for the next
operating cycle, which is the reset phase. It is worth pointing out that when
the proof mass rotates clockwise, SW1−L and SW2−L are respectively used
as the effective SW1 and SW2 instead of SW1−R and SW2−R.
6.3.2 Circuit Module
The electromechanical module of the wireless sensing platform operates as
a discontinuous power supply providing a fixed amount of energy to its
load circuit in each operating cycle. Figure 6.6 illustrates the schematic
of the circuit module based on the Colpitts oscillator described in Chapter
5, which is suitable to be powered by a discontinuous power supply. The
purpose of this circuit is to transmit a radio pulse from the electromechanical
module and encodes the voltage output of a passive sensor in the form of a
modulated frequency, which is insusceptible to the environment noise and
no reference signal is required for calibration compared to the approach of
amplitude modulation.
Rt
C1 R1
C2 R2
Qt
C4
C3
Antenna
Lt       
DS
VS
Power (in)      
GND
Figure 6.6: Schematic of the circuit module.
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As shown in the figure, R1 and R2 are the series resistors to bias the
transistor, Qt, which is a high-frequency NPN bipolar junction transistor
(BJT). The small capacitors, C1 and C2, are added to increase the response
speed of the circuit module due to the discontinuous powering mechanism.
The resistor Rt is the emitter resistor to control the power consumption
of the circuit, and the antenna, Lt, forms an LC tank together with ca-
pacitors C1 and C2, which will generate resonant signals when powered by
the electromechanical module. A varactor diode, DS , is connected at the
collector of the BJT. It is reverse biased and its capacitance is controlled by
the sensor voltage VS . By adding this component, the resonant circuit can
be used as a voltage controlled oscillator (VCO), whose resonant frequency
can be tuned by the voltage, VS , as indicated in the figure. In this case,
the circuit module is expected to encode the signal of VS with frequency
modulation and transmit it immediately to a receiver once it is powered up
by the energy stored in the load capacitor, CL.
6.4 Experimental Measurement
30
m
m
30mm
Receiver
Figure 6.7: Piezoelectric wireless sensing platform and receiving antenna.
The maximum distance of detection is ∼10 cm.
A 30 mm× 30 mm prototype was built based on the proposed structure,
as presented in Figure 6.7. The device is mounted on a slider for vibra-
tion excitation. The piezoelectric beams used in the measurement are from
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Johnson Matthey, and the antenna of the platform is made of a copper wire
and its inductance. The inductance can be evaluated using equation la-
beleq:5.9, and the diameter of the wire and the circle is 1.5 mm and 26 mm
respectively for this prototype. The receiving antenna is identical to the
transmitting one on the platform and is connected directly to an oscillo-
scope via an SMA-to-BNC cable for measurement. All the parameters of
the experimental set-up are listed in Table 6.1.
Table 6.1: Parameters of the experimental set-up
Component Parameter
D1 and D2 BAS116H
CL 3.3 nF
C1 and C2 12 pF
R1 and R2 10 kΩ
Qt BFR35AP
Rt 787 Ω
Lt ∼48 nH
C3 1 pF
C4 3.9 pF
DS BBY51-02W
The theoretic maximum power achievable for a rotational energy har-
vester can be decided based on the evaluation approach by Yeatman [66]
and the equation is:
Pmax ≈ 1
2
mYoω
3Rc (6.1)
where Yo and ω are the amplitude and the angular frequency of the slider,
which are set at 30 mm and 18.8 rad/s. Rc and m are the radius of the
center of mass and the mass of the pendulum, which are 9.47 g and 5.9 mm.
The maximum power for this set-up can then be estimated at 5.57 mW.
In the experiment, the device finishes two operating cycles (one clockwise
cycle and one anticlockwise cycle) for each vibrating cycle of the sliding
plate. Figure 6.8 illustrates the output voltage of the energy harvester
part (without the intermediate storage circuit) for each operating cycle,
and the root mean square value is 1.42 V, resulting in 2 µW average power
(denoted by PEHavg) with a 1 MΩ load resistor during the beam is vibrating
(TEH ≈ 120 ms). Therefore, the total power over one vibrating cycle of the
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Figure 6.8: Output voltage of the energy harvester part with a 1 MΩ load
resistor.
sliding plate is:
PEH = 2PEHavgTEHf (6.2)
where f is the frequency of the sliding plate, which is equal to ω2pi . Then
PEH is 1.44 µW.
In each operating cycle, the total energy generated by the pulse generator
is the energy stored in the load capacitor CL, and the measured voltage is
3 V, which is 14.9 nJ energy (denoted by EL). In this case, the average
power for one vibrating cycle of the source is:
Pavg = 2ELf. (6.3)
The estimated value is, therefore, 89.1 nW, which is only 6.2% of power
from the energy harvester and results in a much lower conversion efficiency
(0.0016%) in terms of Pmax. This is because that unlike a conventional
energy harvester which will continuously work whenever there are ambient
inputs, the pulse generator only harvest a small portion of energy in each
cycle, which is necessary in order to achieve the operating process described
in section 6.3.
In order to demonstrate that the prototype can be powered only by the
energy from the pulse generator, measurements are made when no voltage
source is connected to the signal port VS . The experimental results in the
time domain are illustrated in Figure 6.9 during one operating cycle of the
sensing platform.
The results present the transmitted signal measured across Lt, and the
successful detection of the signal by the receiving antenna during the clo-
sure of SW1 after the energy extraction from CL. It can be seen that when
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Figure 6.9: Experimental results of transmitted and received signals in one
operating cycle (VS = 0).
CL is powering the circuit module, the amplitudes of the signals gradually
decrease due to the fixed amount of energy stored in CL, which is as ex-
pected. In addition, gaps occur between the resonant signals as indicated in
the figure. This is because the reeds of SW1 bounce during its closure, and
in terms of frequency modulation, these gaps do not affect the detection of
the signal.
In each operating cycle of the device, the energy stored in the load capac-
itor will be supplied to the transmitter circuit. Since the circuit will only
work when the bias voltage of the BJT is higher than the threshold voltage
(0.7 V for a silicon transistor), the transmitter only works when the voltage
across CL is greater than ∼1.4 V, which result in a maximum input energy
of 11.6 nJ. As shown in Figure 6.9, the transmission time is ∼50 µs, and in
this case the average input power over the transmission time can be roughly
estimated, which is 232µW (The average power over the vibration cycle is
69.7 nW.).
Figure 6.10 illustrates the measurement result after the fast Fourier trans-
form (FFT) when a DC voltage supply is connected to the port VS as a
dummy sensor. The received signal is measured with a time increment of
0.2 ns. The results show that by increasing the amplitude of VS from 0.5 V
to 2.5 V, the frequency of the received signal decreases correspondingly
ranging from ∼504 MHz to ∼494 MHz, which demonstrates that the wire-
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Figure 6.10: Frequency measurement of the received signals with different
DC voltages from VS .
less sensing system manages to frequency modulate the output pulse using
voltages from VS , and that the transmitted signal can be picked up simply
by a loop antenna. The glitches on the plots are due to the limited sampling
rate of the oscilloscope in use. The sensitivity of the prototype is expected
to be improved, since the frequencies of the measured signals show overlap
with each other when the sensing step is 0.5 V.
Since no simulation is available for the radiated power estimation, the
power can be roughly estimated using the equivalent circuit model intro-
duced by Yates et al. [117] as shown in Figure 6.11.
Rrad
RlossCp
L
Figure 6.11: Equivalent circuit of a loop antenna.
The radiated and loss resistances of an electrically small loop antenna
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are:
Rrad = η(
pi
6
)(
pidloop
λ
)4, Rloss =
lloop
lwire
√
pifµoµr
σ
(6.4)
where η is the impedance of free space (∼377 Ω), λ is the wavelength of the
transmitted signal (0.6 m for 500 MHz), lloop and lwire are the perimeters of
the loop and the wire respectively, and σ is the conductivity (5.96×107 S/m
for copper). In this case, the radiated resistance is 67.8 mΩ and the loss
resistance is 99.8 mΩ. The impedance of the inductor is 150.8 Ω, and the
total impedance of the RL path, Ztot, is approximately equal to that of the
inductor. The root mean square of the transmitted signal in Figure 6.9,
VRMS , is 107 mV, and therefore the radiated power (over the transmission
time) can be calculated as:
Prad = (
VRMS
Ztot
)2Rrad, (6.5)
which is 34.1 nW. Thus, the efficiency is of the transmitter is approximately
0.015%.
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Figure 6.12: Frequency measurement with thermo-electric generators.
To further evaluate the performance of the prototype, Figure 6.12 presents
the results when two thermo-electric generators (TEGs) in series are used
instead of the dummy sensor voltage. In this way, a battery-less, motion
powered wireless temperature sensing system is built. The frequency range
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of the results is slightly shifted, in comparison to the dummy sensor voltage,
due to the change of the piezoelectric beam in the experimental set-up.
Successful reception of temperature information is demonstrated using the
experimental prototype. This result proves the concept of motion-powered
wireless sensing.
6.5 Conclusions
A motion-powered wireless sensing device is reported in this chapter. Oper-
ating principles are described in detail and an experimental set-up is built for
testing. According to the measurement results, the experimental prototype
can be powered solely by the energy extracted from the motion of the proof
mass via the piezoelectric transduction. Frequency modulation is success-
fully implemented in the design, by using a varactor as a voltage-controlled
variable capacitor. Successful transmission and detection of information is
demonstrated by using a voltage supply as a dummy sensor and also two
TEGs in series. The results prove that the device can encode signals from
suitable passive sensors by FM for instantaneous wireless sensing.
One design issue that needs to be taken into account in the future is the
arrangement of the operating phases. Since the reset phase is the last phase
in each operating cycle, an unfinished cycle may result in an inaccurate
sensing output for the upcoming cycle if there is energy left in the load
capacitor, CL. In addition, the improvement of the power efficiency should
also be considered for the future work. Moreover, further miniaturization
of the device is expected so that it can be potentially used as an on-body
or implanted sensing platform for body condition monitoring.
138
7 Conclusions and Future Work
This chapter summarises the contributions and results of the project. A
brief discussion is included regarding the potential improvement in the fu-
ture, and future work is, therefore, suggested based on the current device.
Furthermore, publications from this project are listed.
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7.1 Conclusions
This thesis aims at designing a motion-powered wireless sensing platform
using piezoelectric energy harvesting. The platform reported here is com-
pletely powered by ambient motions at a random low frequency and can
transmit the sensing signal to a receiver when a suitable passive sensor is
connected.
A tip excitation model for piezoelectric beam was derived based on the
base excitation model by Erturk et al. [73] and the model was simulated
using the Simulink module in MATLAB. The results were compared with a
COMSOL model as well as the experimental measurements for validation,
and the comparisons showed acceptable agreement both in static testing and
dynamic testing. In order to evaluate and validate the proposed piezoelectric
pulse generator in a convenient way, an equivalent circuit model was built,
based on the tip excitation model. This circuit model is more suitable
for simulation when a complicated load circuit is considered in the testing,
compared to the model using Simulink.
A rolling rod pulse generator was built to prove the concept of the pro-
posed device, and compared to the previous work by Pillatsch et al. [65,75],
the new device can output a series of impulse power instead of non-regulated
resonant power. Both simulated result from the equivalent circuit model and
experimental result show that an impulse power supply is achievable with
the piezoelectric pulse generator. By examining the output result of this
device, a passive pre-bias mechanism was proposed to improve the output
of the pulse generator, and a miniature rolling ball pulse generator was de-
signed to minimise the size of the device and test the pre-bias performance
compared to the unbiased case. The comparison results showed the im-
provement of the output power by applying the pre-bias approach to the
device.
In addition to the pulse generator, possible load circuits were discussed.
Both AM-based and FM-based oscillators were simulated with impulse power
supply, and an FM-based transmitter was produced to test the impulse per-
formance when a capacitor was used as the the power supply. The signal
from the transmitter was successfully received by a simple loop antenna,
indicating that this circuit can be potentially powered by the piezoelectric
pulse generator.
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The final contribution to this project is to build and test the motion-
powered wireless sensing platform by combining the techniques of energy
harvesting and wireless sensing. A compact sensing platform was designed
and produced for experimental measurement. The results showed that the
temperature difference across a thermoelectric generator could be modu-
lated in the frequency domain by the sensing platform, and the encoded
signal was successfully transmitted to the receiver.
The results achieved from this project present a new concept to imple-
ment piezoelectric energy harvesting in wireless sensing networks, especially
for non-harmonic applications such as body sensor networks. Instead of har-
vesting the piezoelectric energy as a power supply with constant outputs,
the devices designed here realize the impulse mechanism, which simplifies
the architecture of the wireless sensor node, when non-continuous, instant
wireless sensing is desired.
7.2 Future Work
This section suggests some future work that may improve the performance
of the sensing platform based on the current drawbacks discussed in Chapter
6. The suggested improvements are proposed in two subsections by dividing
the work into the two main modules: the energy harvesting module and the
signal detection module.
7.2.1 Energy Harvesting Module
One important drawback discussed previously is that an uncompleted op-
erating cycle will result in an incorrect sensing result in the next operating
cycle. This issue can be solved by rearranging the order of operating phases.
As shown in Figure 7.1 (a), the final phase of the sensing platform is
currently the reset phase. Figure 7.1 (b) provides one possible solution and
the concept is to move the reset phase to the beginning of the operating
cycle. By doing this, the wireless sensing platform can be reset to an initial
state each time the cycle is about to start and therefore, provides an identical
amount of impulse energy to the transmitter in each cycle.
This proposed solution can be implemented by slightly changing the elec-
tromechanical module as illustrated in Figure 7.2.
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Figure 7.1: Rearrangement of working order. (a) Original working order.
(b) Suggested working order.
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Figure 7.2: Schematic view of the suggested electromechanical module.
The suggested electromechanical module is simplified compared to the
current design. This improvement is based on the concept that the piezo-
electric beam can be potentially used as both the energy harvesting compo-
nent and the energy storage unit instead of using an extra load capacitor,
CL. In this proposed design, the diode, D2, is kept as the key component
to pre-bias the piezoelectric beam, which can also be regarded as the re-
set phase when the beam is deflected, and after the beam vibration, a fixed
amount of energy is supposed to be stored in the piezoelectric capacitor and
will be used to power the transmitter afterwards by closing the remaining
switch, SW1.
This basic proposal can potentially solve the problem caused by the unfin-
ished operating cycle since the beam can always be reset to an initial state
even if the wireless sensing phase is not completed. However, one obvious
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issue of this proposed design is that there is no electrical isolation between
the energy harvester and its load circuit without D1. In this case, any slight
vibration of the beam in the wireless sensing phase is noise to the platform,
which will lead to a reduction of the sensing accuracy. In addition, other
design issues may also become the key factors to affect the performance,
such as the leakage of the piezoelectric beam, and therefore more detailed
studies are required to achieve a feasible proposal for further improvement.
7.2.2 Signal Processing Module
Since the impulse power supply cannot maintain a constant voltage ampli-
tude for the transmitter, the bandwidth for each detected signal is relatively
wide, which is not desired in the design and exposes difficulty for signal pro-
cessing. In order to enhance the performance, future work can either focus
on the design of the transmitter or on the receiver.
For the transmitter part, instead of using a voltage controlled oscillator,
other mechanisms can be considered for frequency modulation to eliminate
the influence from the amplitude variation of the power supply. In addition,
a more complicated load circuit can be implemented to enhance the sensing
accuracy of the platform.
For the receiver part, a more sophisticated receiving antenna with a nar-
rower band, which only passes the transmitted signals, is necessary not only
to reduce the noise but also to expand the sensing distance. Apart from the
antenna, a real-time signal processing module is expected to be added so
that the sensing signal can be processed synchronously when it is received.
7.3 Publications
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• H. Jiang, M.E. Kiziroglou, D.C. Yates, and E.M. Yeatman, A Motion-
Powered Piezoelectric Pulse Generator for Wireless Sensing via FM
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